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Abstract 
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Thesis title: A new role for Filamin A as a regulator of Runx2 function 

January 2011 

 

Filamin A is a well-characterised cytoskeletal protein which regulates cell shape and 

migration by cross-linking with actin. Filamin A mutations cause a number of human 

developmental disorders, many of which exhibit skeletal dysplasia. However, the 

molecular mechanisms by which Filamin A affects skeletal development are unknown. 

The transcription factor Runx2 is a master regulator of osteoblast and chondrocyte 

differentiation. Data presented in this thesis show that Filamin A forms a complex with 

Runx2 in osteoblastic cell lines. Moreover, it is demonstrated that Filamin A is present 

in the nucleus in several cell lines, including those of osteoblastic origin.  The data 

presented show that the Filamin A/Runx2 complex suppresses the expression of the 

gene encoding the matrix-degrading enzyme, matrix metalloproteinase-13 (MMP-13), 

which is an important osteoblastic differentiation marker. ChIP assays were employed 

to demonstrate that endogenously expressed Filamin A associates with the promoter of 

the MMP-13 gene. In addition, Filamin A is not only located in the nucleus but also in 

the nucleolus, an important nuclear compartment involved in ribosomal RNA (rRNA) 

transcription. Ribosomal DNA promoter-driven reporter assays, Filamin A-knockdown 

experiments and exogenous Filamin A transfections demonstrated that Filamin A and 

Runx2 can repress ribosomal gene expression activity. Importantly, Filamin A is 

recruited to the human ribosomal DNA promoter, suggesting its direct involvement in 

the regulation of rRNA transcription. These findings reveal a novel role of Filamin A in 

the direct regulation of ribosomal gene expression. Finally, by using microarray 

technology, changes in gene expression were identified when Filamin A was 

downregulated. Some of the differentially expressed genes were known orchestrators of 

bone development. The data presented in this thesis strengthen the link between Filamin 

A and bone development and provide a molecular rationale for how Filamin A, acting 

as a regulator of gene expression, might influence osteoblastic differentiation.   
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1.1 The skeleton  

 

The skeleton, primarily composed of osseous tissue and cartilage, provides support to 

the entire body by forming a structural design where soft tissue and vital organ systems 

attach. The hardness of bones creates a protective barrier for organs; for example, the 

spinal cord is protected by the vertebrae, the rib cage protects the lungs and the heart 

and the skull protects the brain. The skeleton is essential for locomotion and is where 

the muscles are attached, thus enabling mobility. Chemically, bones are made from 

calcium, phosphate and a fibrous protein. Bones are reservoirs for lipids and minerals 

which have essential roles in maintaining homeostasis (Dorozhkin & Epple, 2002). 

Another function of the skeleton is to harbour the bone marrow, which functions to 

produce blood cells (Del Fattore et al, 2010). Given the biological significance of the 

skeleton, it is important to study the molecular mechanisms which govern bone 

formation and bone homeostasis. One important player in bone formation is the 

transcription factor Runx2. Runx2 is a specific DNA binding protein that regulates the 

expression of a large group of molecules involved in the generation and stability of the 

bone. This thesis describes a novel interaction between Runx2 and the cytoskeletal 

protein Filamin A. The role of this interaction as a novel mechanism to regulate bone 

gene expression is investigated. 
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1.2 Skeletal development  

 

In order to produce skeletal tissue, a well-orchestrated process which involves the 

migration and differentiation of a number of cell-types must occur. Skeletal formation 

requires that a specific type of stem cells, governed by several transcription factors,  are 

committed to display osteoblastic phenotype (Gordeladze et al, 2009). This occurs via 

two different mechanisms: endochondral ossification and intramembranous ossification. 

Endochondral ossification is the process of bone formation starting from cartilage and is 

the course by which most of the skeleton forms (Ducy & Karsenty, 1998). The first step 

is characterised by the migration of undifferentiated mesenchymal cells into areas 

destined to become bone. Mesenchymal cells organise and are the template to form 

bone. Cells within this organisation begin to express collagen type I and type IIa and 

start to differentiate into chondrocytes that will secrete extracellular matrix to form 

cartilage (Ducy & Karsenty, 1998). The chondrocytes mature, become hypertrophic and 

commence to secrete type X collagen and mineralize the surrounding matrix. Vascular 

invasion from the perichondrium and apoptosis of hypertrophic chondrocytes make way 

for mesenchymal cells that differentiate into osteoblasts. Osteoblasts form bone by 

secreting proteins and structural elements that form a collagen and mineralized 

extracellular  matrix (Karsenty, 2001). In contrast to endochondral ossification, 

intramembranous ossification does not require cartilage.  Mesenchymal condensations 

vascularise and precursor cells differentiate directly into osteoblasts to form the 

mineralized bone (Ducy & Karsenty, 1998). Intramembranous ossification gives rise to 

the flat bones that comprise the cranium and medial clavicles and it is an essential 

process during the natural healing of fractures. 
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1.3 Cells in bone  

 

Bone tissue contains mainly five different cell-types; osteogenic cells, osteoblasts, 

osteocytes, osteoclasts and chondrocytes (Kartsogiannis & Ng, 2004). In general, there 

are cells that are responsible for the response of the body to trauma or fracture, and 

those which secrete components which bones are made of.  There are cells that make 

bone and cells that degrade bone. Thus, these two cell-types must be in equilibrium in 

order to maintain bone homeostasis.  Osteoblasts are responsible for bone formation and 

deposit bone by secreting osteid, a mixture of bone matrix proteins. Osteoblasts are 

derived from multipotent mesenchymal stem cells and their differentiation is controlled 

by several growth factors, hormones and transcription factors (Jensen et al, 2010). Two 

transcription factors, Runx2 and osterix are absolutely essential for osteoblast 

differentiation (Ducy & Karsenty, 1998; Kobayashi & Kronenberg, 2005). The major 

protein secreted by osteoblasts is collagen type 1. Osteoblasts also secrete non-

collagenous proteins: osteocalcin, osteonectin and alkaline phosphatase which are 

important in regulating bone formation. Osteoblasts direct the mineralization of bone 

matrix by fluctuating concentrations of calcium and phosphate ions and induce 

formation of hydroxyapatite deposits. 

Osteocytes are derived from osteoblasts and constitute around 95% of all bone cells. 

Osteocytes function to maintain bone matrix, they have a characteristic morphology that 

resembles neurons and occupy a space termed lacunae. These interconnected cells 

create an osteocytic network that forms a functional syncytium which is needed for 

communication and transmission of mechano-sensory signals via changes in interstitial 

fluid movement produced by mechanical forces. This arrangement permits osteocytes to 

http://www.medical-look.com/human_anatomy/organs/Bones.html
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act upon any signal and thus secrete secondary messengers, activating transcription and 

altering gene expression (Dallas & Bonewald, 2010).  

Osteoclasts are multinucleated cells that derive from hematopoietic progenitors in the 

bone marrow and mediate the resorption of mineralized bone matrix and its 

differentiation is directed by cell-cell contact with either bone marrow stromal cells or 

osteoblasts (Kobayashi et al, 2009). The receptor activator of NF-kB ligand (RANKL), 

a transmembrane protein expressed in osteoblasts, binds to activator of NF-kB (RANK) 

which is expressed on the surface of osteoclast precursors. Formation of RANKL-

RANK complex stimulates differentiation and activation of osteoclasts (Suda et al, 

1999). Osteoprotegerin (OPG), secreted by stromal cells and osteoblasts acts as an 

antagonist molecule by binding to RANK and thus preventing RANKL-induced 

differentiation.  

Chondrocytes are differentiated cells found in cartilage, a flexible connective tissue 

found in many areas in the body. Cartilage serves as a template for future bones in the 

developing embryo and forms the growth plate in long bones. Once differentiated, 

chondrocytes function to synthesize and maintain the extracellular matrix of cartilage as 

well as undergoing proliferation, hypertrophy and secreting matrix in growth plates to 

promote longitudinal bone growth (Shum & Nuckolls, 2002).   

1.4 The importance of gene regulation during skeletal development 

 

The formation of bone tissue depends on the proliferation and differentiation of specific 

cell-types. For example, in bone development, osteoblasts are very important in order to 

ensure correct mineralization; and osteoclasts are required to maintain the equilibrium 

between bone formation and bone degradation. Therefore, because transcription factors 
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control cell fate, a correct regulation of the genes involved in this process is essential. A 

group of transcription factors play important roles in the regulation of gene expression 

and thus promote bone formation (Fig. 1.0). A failure in the regulation of gene 

expression during bone formation can lead to skeletal abnormalities during development 

and adulthood. This can be the case for the transcription factor Runx2 which is a master 

regulator in bone formation.  In this thesis, a novel mechanism of regulation of Runx2 

in osteoblastic cells is proposed. In consequence, an overview of the transcriptional 

regulation in osteoblasts will be provided.  

1.5 The transcriptional control of osteoblastogenesis. 

 
In endochondral bone formation, in order to produce a mature osteoblast from a 

mesenchymal cell, a set of transcription factors regulates the expression of certain genes 

(Fig. 1.0). Here, the role of the key transcription factors involved in the formation of 

osteoblasts is briefly outlined. First, mesenchymal cells, by the influence of the 

transcription factor Sox-9, transform into skeletal precursor cells. These precursors in 

turn will differentiate into osteoblasts or chondrocytes. In this regard, Sox-9 plays dual 

roles; it inhibits osteoblast differentiation but also induces chondrocyte maturation 

(Akiyama, 2008) (Fig. 1.0). The fate of the skeletal cells will depend on the expression 

and function of several transcription factors. For example, the skeletal precursors 

destined to be part of the osteoblastic lineage express the transcription factors Dlx5 and 

Msx2 which promote osteoblast proliferation and differentiation (Shirakabe et al, 2001). 

Dlx5 and Msx2 regulate the expression of the transcription factor Runx2, a master 

regulator of bone formation (Lee et al, 2005; Samee et al, 2008; Shirakabe et al, 2001). 

The function of Runx2 is also regulated by Runx2-binding proteins that further regulate 
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its activity.  Runx2 transcriptionaly regulates the expression of the transcription factor 

Osterix/Sp7. Osterix is critically important to fully commit a Runx2-expressing 

osteoblastic precursor to become an osteoblast and ensures the differentiation 

into osteoblasts instead of chondrocytes (Maruyama & Komori, 2007; Matsubara et al, 

2008). Immature osteoblasts are characterised by the expression of the transcription 

factor Fra1 which controls the expression of various matrix genes, thereby regulating 

matrix production and providing functional environment for mature osteoblasts (Eferl et 

al, 2004).  Once the cell fate has been programmed, the immature osteoblasts 

differentiate into mature osteoblasts (Fig. 1.0). In this process Msx2 is downregulated as 

well as Runx2 (Shirakabe et al, 2001). At this stage Msx2 inhibits Runx2 activity 

and osteoblast gene expression (Liu et al, 2001). Also, at this stage, the transcription 

factors Sp3 and Atf4 are required during late osteoblastogenesis (Gollner et al, 2001; 

Yang & Karsenty, 2004).  
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Fig. 1.0 Schematic representation of the activities and regulation of the key 

transcription factors during differentiation and maturation of osteoblasts. Positive 

influences are indicated by green arrows and positive factors are labelled green. 

Negative influences are indicated by blunted red lines and negative acting factors are 

labelled red  [Modified from (Hartmann, 2009)] 
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1.6 Runx family of transcription factors  

1.6.1 The Runt domain  

 

The transcriptional activity of Runx2 is essential to promote correct bone formation and 

osteoblast maturation. Runx2 belongs to the Runx family of transcription factors which 

have in common a Runt domain. The Runt domain, located towards the amino-terminal 

end, is composed of 128 amino acids (Ito, 2004). This domain was called Runt because 

it was first identified in the runt gene in Drosophila melanogaster, which has a role in 

sex determination, neurogenesis and segmentation (Blyth et al, 2005). The Runt domain 

is highly conserved between species ranging from invertebrates to vertebrates (Rennert 

et al, 2003).  A large body of evidence has demonstrated that Runx proteins are key 

mediators in several pathways of development (Coffman, 2003). In mammals, the Runt 

domain is very similar between Runx1, Runx2 and Runx3 (van Wijnen et al, 2004). 

However, these proteins are capable of activating different genes in different cell types. 

Those activated genes are mainly involved in development, proliferation and 

differentiation (Nimmo & Woollard, 2007).  The Runt domain can bind to the specific 

recognition sequence PyGPyGGTPy (Py = pyrimidine), (Kamachi et al, 1990). The 

three dimensional structure of the Runt domain has been determined by Nuclear 

magnetic resonance and crystallography (Bartfeld et al, 2002; Bravo et al, 2001; Zhang 

et al, 2003). It contains ten anti-parallel and two parallel beta-sheet strands (Ito, 2004) 

(Fig. 1.1). The beta strands form an s-type immunoglobulin fold and are connected by 

loops which mediate DNA binding. Also, it has been shown that the C-terminal tail is 

necessary to make specific DNA contacts (Zhang et al, 2003).  
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Fig. 1.1 Schematic representation of the Runt domain.  A) A ribbon diagram 

showing the solution structure of the Runt domain. The Runt domain is composed of 6 

anti parallel and 4 parallel β-strands. The amino acids located between those β-strands 

form several loops which are very important in recognizing and binding to the specific 

sequence of DNA.  B) A ribbon diagram showing the interaction between the Runt1 

domain and the DNA [Adapted from (Cohen, 2009)].   
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Despite the fact that the Runt domain can specifically bind to DNA, this binding can be 

increased when CBFβ, a 22 kDa protein, binds to the Runt domain. However, CBFβ has 

not been reported to bind directly to DNA sequences (Nagata et al, 1999). The binding 

of CBFβ, which is the heterodimerisation partner of all Runx transcription factors 

enhances its ability to bind to DNA and can also protect the Runx protein from 

ubiquitin-proteasome degradation (Huang et al, 2001). CBFβ does not bind directly to 

DNA but on association with the Runt domain it enhances the affinity of Runx proteins 

to DNA (Bartfeld et al, 2002; Nagata et al, 1999). The DNA-Runt conformation 

stabilises in the presence of CBFβ by hydrogen bonds and hydrophobic interactions. 

The three-dimensional structure of the Runt domain/CBFβ complex associated with 

DNA (Fig. 1.2) has been determined (Bartfeld et al, 2002; Bravo et al, 2001). By doing 

this it has been shown that the Runt domain suffers a conformation change when 

binding to DNA which is known as the S-switch.  

 

 

 

 

 

 

 



28 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2 Structure of the Runx1 Runt domain-CBFβ-DNA complex. A ribbon 

diagram of the Runt domain-CBFβ heterodimer and its association with the DNA. The 

Runt domain is shown in cyan and the contacting CBFβ in purple. Runt domain makes 

contact with DNA through its C-terminal loop and the βA’-B loop. This interaction 

involves hydrogen bonds; however, CBFβ enhances this binding by eliciting a 

conformation change in the Runt domain that makes the contact with the DNA stronger. 

[Adapted from (Bartfeld et al, 2002; Bravo et al, 2001)]. 
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1.7 Human Runt Family of transcription factors 

 

The human genome contains three genes encoding Runx1, Runx2 and Runx3 (Fig. 1.3).  

The Runt Domain, the Nuclear Matrix Targeting Signal (NMTS), the Nuclear 

Localisation Signal (NLS) and the carboxy-terminal VWRPY motif are conserved in all 

three human Runx proteins (Wheeler et al, 2000). These transcription factors have both 

activation and inhibitory domains. RUNX genes can be expressed from two different 

promoters giving rise to two isoforms with different amino-terminal amino acids 

(MASNS and MRIPV) (Wheeler et al, 2000). In the following paragraphs, the 

biological features of the Runx proteins will be summarized.  

 

 

 

 

 

Fig. 1.3 The structure of Runx proteins.  Diagrammatic representation of Runx1, 

Runx2 and Runx3. Conserved Runt domain (blue) is 128 amino acids length and it is 

responsible of the recognition and binding to DNA sequence. Nuclear Matrix Targeting 

Signal (NMTS), in pink and Nuclear Localisation Signal (NLS), in light green are found 

in all Runx proteins. The C-terminal contains the sequence VWRPY (green), which can 

bind to Runx co-repressors. MASNS and MRIPV aminoacids represent two different 

isoforms.  
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1.8 The biological function of Runx family of transcription factors.  

1.8.1 The transcription factor Runx1  

 

RUNX1 gene, located on the chromosome 21 in humans an in chromosome 16 in mouse 

is also known as AML1, Cbfa2, or Pebp2α, encodes a protein of 453 amino acids and 

has 69% identity with the Drosophila gene runt (Ito, 2004). It has been shown that 

Runx1 is not crucial for morphogenesis but it is important for haematopoietic cell 

formation (Bee et al, 2010; de Bruijn & Speck, 2004). When Runx1 is ablated, mice at 

the embryonic day 12.5 die because the lack of fetal liver haematopoiesis (Okuda et al, 

1996; Wang et al, 1996). Since Runx1 ablation is lethal in mice, its function on skeletal 

development is not well known. However, it has been demonstrated that Runx1 is 

crutial to form the sternum even in precense of Runx2 (Kimura et al, 2010). 

1.8.1.1 Runx1 and disease  

 

Leukaemia is a cancer which disrupts the cell proliferation control of blood cells. Acute 

leukaemia is the most common leukaemia presented in patients and is characterised by 

the rapid proliferation of immature blood cells. The majority of the leukaemias are 

caused by chromosomal translocations in which a gene can rearrange its sequence with 

a non related gene, thus creating a fused protein that will impair the biological role of 

the proteins involved.  It has been shown that Runx1 is a recurrent target of 

chromosomal translocation in human leukaemias. Nowadays, 23 translocations 

involving RUNX1 have been described (Dai et al, 2007).  The biological consequence of 

chromosomal translocations can be the loss of protein functionality but also the gain of 

function (Yamagata et al, 2005).   
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1.8.2 The transcription factor Runx3  

 

The RUNX3 gene, also known as AML2, Cbfa3, or Pebp2αC, is located on the short 

arm of chromosome 1 (1p36.1) in humans and on chromosome 4 in mouse. It 

transcribes into 5 different mRNA isoforms produced by alternative splicing in humans 

(Puig-Kroger & Corbi, 2006). Runx3 has been found to be expressed in myeloid cells, 

the gastric epithelial layer (Puig-Kroger & Corbi, 2006) and in he tyrosine kinase 

receptor C (TrkC) proprioceptive neurons (Levanon et al, 2002). However, Runx3 

expression in the gastrointestinal tract is controversial. Two groups have 

produced Runx3 knockout mice (Levanon et al, 2002; Li et al, 2002) in which two 

comparable defects were identified, one defect involved neurogenesis and the other 

thymopoiesis. In addition, a stomach defect in gastric cancer was observed in one of the 

mutant strains, but not in the other (Levanon et al, 2002). This observation strongly 

suggests that loss of Runx3 is not necessarily associated with gastric neoplasia and 

further studies are trying to conceal the discrepancies observed. 

1.8.2.1 Runx3 and disease  

 

Runx3 has been proposed to have a role in cancer. It has been shown that Runx3 

knockout mice can present high proliferation rates and lack of apoptosis, leading to 

hyperplasia in the gastric tract. In contrast, transfected wild type Runx3 in gastric 

carcinoma cells reduced tumour formation (Li et al, 2002). The above data is supported 

by the fact that nearly 60% of human gastric cancer cells do not produce Runx3 (Anglin 

& Passaniti, 2004). Taken together, those findings suggest that lack of Runx3 is 

strongly related to human gastric cancer. 
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1.9 The transcription factor Runx2  

1.9.1 Biological significance of Runx2 

 

Runx2 regulates a vast number of genes that are necessary to activate bone and cartilage 

formation (Komori et al, 1997).  Runx2 as an osteoblast specific transcription factor 

was discovered through the analysis of the osteocalcin promoter.  In 1995, two different 

cis-acting elements which controlled the expression of the osteocalcin promoter were 

identified in rodents. One of them, the osteocalcin specific element 2 (OSE-2) was 

highly active in mature osteoblasts and its nucleotide sequence was similar to the DNA-

binding site of the transcription factor PEBP2α/AML1/Runx1 (Ducy & Karsenty, 1995; 

Geoffroy et al, 1995). Runx2 was able to strongly induce the promoter activity of a 

luciferase reporter construct which consisted of multimers of OSE-2 (Ducy et al, 1997). 

To further characterise the function of Runx2, its expression was evaluated during 

development by the generation of a Runx2- deficient mouse (Komori et al, 1997; Otto et 

al, 1997; Stein et al, 2004). Homozygous mutants died of respiratory failure shortly 

after birth. Analysis of their skeletons revealed an absence of osteoblasts and bone (Fig. 

1.4) and heterozygous mice showed specific skeletal abnormalities that are 

characteristic of the human heritable skeletal disorder, cleidocranial dysplasia (CCD). 

Analysis of embryonic Runx2 expression using a lacZ reporter gene revealed strong 

expression at sites of bone formation (Otto et al, 1997).  Further analysis of the skeleton 

revealed small populations of immature osteoblasts and osteoclasts in the perichondrial 

region where osteogenesis occurs (Komori et al, 1997; Otto et al, 1997). The presence 

of OSE2-like elements in the promoters of some osteoblast specific genes indicated that 

Runx2 regulated their expression. Over-expression of Runx2 in osteoblast and non-
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osteoblast cells lines caused the expression of several osteoblast specific genes (Ducy et 

al, 1997).  Thus, Runx2 is considered to be primarily an osteoblast-specific transcription 

factor essential for osteoblastic differentiation. 

 

  

Fig. 1.4 Lack of ossification in Runx2 null mice. Mice skeletons from wild-type, 

heterozygous and homozygous genotype of Runx2. Specimens were double stained 

with Alizarin to demonstrate calcification (red) and Alcian to demonstrate cartilage 

formation (blue). It can be observed the lack of ossification in the Runx2 -/- mutant 

mouse (Komori et al, 1997). 
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1.9.2 Runx2 and skeletal disease.  

1.9.2.1 Cleidocranial Dysplasia  

 

Cleidocranial Dysplasia (CCD) is a skeletal disorder with autosomal dominant 

inheritance. The clinical manifestations of CCD (Fig. 1.5) are defective clavicles, 

delayed closure of cranial fontanels, short stature, dental malformation and 

supernumerary teeth (Mundlos, 1999). The locus of CCD is located in the chromosome 

6p21, where the RUNX2 gene is located. The majority of patients who suffer CCD have 

a mutation in RUNX2 gene (Schroeder et al, 2005). A closer look at the RUNX2 gene 

locus in CCD families revealed that the disease phenotype is due to deletion, insertion 

and nonsense mutations that lead to premature stop codons in the Runt domain or in the 

C-terminal transactivation domain (Mundlos, 1999). Other causative alterations include 

missense mutations that abolish the DNA binding activity of Runx2, mutations in the 

SMAD interacting domain, frame shift mutations, disruption of splice donor sites and 

mutations within the promoter (Kim et al, 2006; Lee et al, 1997; Napierala et al, 2005; 

Quack et al, 1999; Zhang et al, 2000). Careful analysis of genotypes and corresponding 

phenotypes failed to indicate any correlation between the types of mutations and the 

clinical severity of the disorder.  The absence of obvious differences in phenotype 

between patients suggested that the disease is generally caused by RUNX2 

haploinsufficiency rather than specific changes in function (Quack et al, 1999). 
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Fig. 1.5 The clinical manifestations of Cleidocranial Dysplasia (CCD). RUNX2 gene 

mutations can lead to CCD which affects principally the normal osteogenic process in 

humans. In CCD, shoulders in a patient with clavicular hypoplasia may be brought to 

the midline (right). CCD also causes dental malformations and teeth located on or 

around the palate (Left). Figure taken from www.pediatriconcall.com 
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1.10 Structural and functional domains of Runx2  

 

The RUNX2 gene, located on chromosome 6, is also known as AML3, Cbfa1, OSF-2 

and Pebp2αA (Ogawa et al, 1993). This gene encodes a 513 amino acids protein which 

contains the Runt domain in the position 103 to 217 (see Fig 1.3). In humans, the 

RUNX2 gene transcribes into 2 different mRNA molecules produced by alternative 

splicing. Those isoforms have different sequences in the amino terminal. The isoform II  

(Runx2-II) starts with the amino acid sequence MASNS and is found only in osseous 

cells  and isoform I (Runx2-I) starts with MRIPV and is commonly found in osteoblast 

as well as in spleen and T cells (Banerjee et al, 2001; Prince et al, 2001).  The Runx2 

isoforms share the same functional domains (Stock & Otto, 2005) which include the 

glutamine/alanine rich (Q/A) tract, the Runt DNA binding domain, the nuclear 

localisation signal (NLS), the PST domain, the nuclear matrix targeting signal (NMTS) 

and the C-terminal pentapeptide VWRPY (See Fig. 1.3). Domains unique to Runx2 

participate in the transactivation function:  activation domain 1 (AD1) consists of the 

first 19 amino acids of Runx2-II and its deletion resulted in a 4-fold decrease in 

transactivation function (Thirunavukkarasu et al, 1998). The second transactivation 

domain (AD2) was determined to be the Q/A sequence and its deletion caused a 75% 

decrease in Runx2 transcriptional activity. Activation domain three (AD3) was found in 

the PST region of Runx2. Complete removal of PST region resulted in a four to five 

fold decrease in the Runx2 transactivation function (Thirunavukkarasu et al, 1998).  A 

characteristic of human and mouse Runx2 are the successive polyglutamine and 

polyalanine amino acids (Q/A) domain which plays a significant role in transactivation 

function (Thirunavukkarasu et al, 1998). The Nuclear Localisation Signal (NLS) is also 
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present in Runx2 protein. Removal of the 9 amino acids of the NLS results in 

cytoplasmic accumulation of Runx2. Furthermore, mutant Runx2 lacking the NLS was 

unable to transactivate the OSE2-luciferase promoter, demonstrating that the NLS is 

essential for transactivation function (Thirunavukkarasu et al, 1998). Once Runx2 is 

transported into the nucleus, it is further localised to the nuclear matrix by virtue of a 

nuclear matrix targeting signal (NMTS). The NMTS of Runx2 consists of 

approximately 38 amino acids and located in the C-terminal region (Zaidi et al, 2001; 

Zeng et al, 1997). NMTS targets Runx2 to specific subnuclear domains contributing to 

the effective transactivation of the osteocalcin promoter (Zaidi et al, 2001). The C-

terminal end of Runx2 interacts with proteins which function to modulate its activity by 

either enhancing activation or by promoting repression of target genes. The 

pentapeptide sequence, VWRPY, which is present in all Runx proteins is localised at 

the very end of the C-terminus and is involved in the interaction with members of the 

groucho family of co-repressors (Aronson et al, 1997). In Runx2, deletion of VWRPY 

increased transactivation, suggesting that this region had repressor function. In addition, 

further C-terminal removal resulted in an increase of transactivation, indicating that the 

inhibitory domain was about 154 amino acids long (Thirunavukkarasu et al, 1998). 

Furthermore, it has been shown that over expression of the Groucho family members 

TLE1 and TLE2 repressed Runx2-induced osteocalcin promoter activity (Javed et al, 

2000).  
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1.11 Modulation of Runx2 by co-regulatory proteins 

 

Runx2 can activate or repress gene transcription. This dual function depends on the 

regulatory molecules that bind to either the activation or inhibitory domains (Wheeler et 

al, 2000). Activators or repressors can be expressed in different patterns and cell-types 

and this can explain how Runx2-dependent gene regulation can differ from one cell 

type to another.  

1.11.1 Transcriptional co-activators of Runx2 

 

In order to positively impact the transcription rate of Runx2-activated genes it is 

necessary that chromatin modification occurs and that the transcription machinery, 

formed by transcription factors, RNA polymerase II and activator molecules, is 

stabilised.  As a representative example, Fig. 1.6 highlights some of the activators that 

bind to Runx2 and thus favouring transcription. The primary activation domain in 

Runx2 is a proline-serinethreonine (PST)-rich region that is distal to the nuclear 

localisation signal and immediately proximal to the NMTS domain (Kanno et al, 1998; 

Thirunavukkarasu et al, 1998). It contributes to interactions of Runx2 with p300, MOZ, 

and MORF (Pelletier et al, 2002; Sierra et al, 2003). The molecules P300/CBP (CREB 

binding protein) are histone acetyltransferase proteins that bind to Runx family proteins 

and in turn induce relaxations in chromatin structure by adding an acetyl group to the C-

terminal of histones and thus exposing and facilitating the binding of transcription 

factors to DNA along with their regulatory molecules (Sierra et al, 2003). The amino-

termini of Runx2 contain a polyglutamine and polyalanine (QA) domain that is not 

present in Runx1 or Runx3. Deletion studies have shown that Q/A region is important 

to activate Runx2. HES-1, a helix-loop-helix protein, also binds to Runx2 at the C-
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terminus. However, this complex potentiates the transactivation function by preventing 

the binding of Groucho co-repressors family (McLarren et al, 2000). Interactions 

between Runx2 and other factors can be regulated via external stimuli, for example 

TGFβ and BMP can bind to receptors that in turn activate Smads which then interact 

with Runx2 (Ito & Miyazono, 2003). Many other factors have also been identified that 

can interact with Runx2 and result in an enhancement in the transcriptional activity.  

The co-activator TAZ can interact with Runx2, whilst interaction with the transcription 

factors Ets-1, Oct-1, AR/GR and AP1 can enhance transcription (Schroeder et al, 2005).  

 

 

 

Fig. 1.6 The transcription factor Runx2 protein and the regulatory molecules that 

favour its transcriptional activity. Transcription factors (shown as stars) can bind to 

activation domains and induce Runx transcriptional activity. As an example, histone 

acetyltransferases as P300/CBP can complex to Runx2 and induce the relaxation of 

chromatin which will allow access of the basal transcription machinery to the promoter 

region. Other molecules such as MOZ and MORF also enhance the activation of the 

Runx transcription factor.  
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1.11.2 Transcriptional co-repressors of Runx2 

 

Recent studies have identified several co-repressor molecules that bind to Runx2 

proteins and regulate its transcriptional activity (Fig. 1.7) (Thirunavukkarasu et al, 

1998). Repressors do not bind to DNA themselves and appear to act as follows: by 

preventing Runx2 from binding to the promoter sequence, by altering chromatin 

structure that cannot allow the access of transcription machinery complex, or by 

blocking co-activator complexes. Repressor proteins include histone deacetylases 

(HDACs), transducin-like enhancer of split proteins, mSin3a, and yes-associated protein  

(Westendorf, 2006) (Fig. 1.7).  Runx2 contains a VWRPY motif.  This region is 

responsible for recruiting the co-repressors TLEs which are the mammalian homologues 

of the Drosophila protein Groucho (Javed et al, 2000). Another co-repressor, mSin3a 

causes repression by the recruitment of HDACs (Lutterbach et al, 2000). mSin3a 

protects Runx2 from proteasome degradation but it also represses the expression of 

Runx2 target genes (Coffman, 2003). HDAC6 interacts with the C-terminal region of 

Runx2 and may deacetylate histones but also this association may alter the 

conformation of Runx2, deacetylate Runx2 or prevent the binding of co-activators to 

Runx2 (Westendorf et al, 2002). Another repression domain contained in the C-terminal 

of Runx2, mediates the binding to HDAC3 (Schroeder et al., 2004). Finally, the Runt 

domain of Runx2 interacts with the co repressor HDAC4 (Vega et al, 2004).  
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Fig. 1.7 The transcription factor Runx2 protein and the regulatory molecules that 

repress its transcriptional activity.  As an example, histone deacetylases (HDACs) 

can complex to Runx2 and induce the chromatin to become more dense, which will not 

permit the access of the basal transcription machinery to the promoter region.  Other 

molecules as mSin3a, TLE and YAP-1 also repress the activation of the Runx 

transcription factor.  

1.12 Post-translational modifications of Runx2  

 

The activity of Runx2 can be regulated by internal or external stimuli (Franceschi & 

Xiao, 2003). Fig. 1.8 summarizes how the activity of Runx2 can be regulated.  The 

phosphorylation of Runx2 has been found to be a common modification that increases 

the transcriptional activation of Runx2. Type I collagen, which is present in the 

extracellular matrix can interact with 1 integrins on the cell surface.  This interaction 

activates a focal adhesion kinase, which subsequently activates the ERK MAP kinase 

signalling pathway. Thus, the phosphorylation of Runx2 results in the upregulation of 

osteoblast specific genes that are required for differentiation, such as osteocalcin (Xiao 

et al, 2000). The activation of Runx2 by phosphorylation mediated by ERK does not 

only occur in response to signals from the extracellular matrix. Investigations have 

established that Fibroblast Growth Factor 2 (FGF-2) can stimulate Runx2 

phosphorylation via the ERK pathway (Kim et al, 2003; Xiao et al, 2002). The 
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phosphorylation of Runx2 does not exclusively occur via ERK1/2 but can also be 

mediated by other kinases.  It has been demonstrated that Protein Kinase A is capable of 

induce phosphorylation of Runx2.  PKA can be activated in response to stimulation 

with parathyroid hormone (PTH), an important hormone involved in the regulation of 

calcium levels in the cell.  PTH and Runx2 are jointly involved in the regulation of 

collagenase 3 in osteoblasts (Selvamurugan et al, 2004). Phosphorylation of Runx2 does 

not always result in an enhancement of its ability to activate transcription.  The 

phosphorylation of Ser104 and Ser451 results in the repression of Runx2 transcriptional 

activation (Wee et al, 2002).  Ser104 has also been implicated in Cleidocranial 

Dysplasia. Since this residue is mutated in some patients (Nakashima & de 

Crombrugghe, 2003), the phosphorylation or the mutation of Ser 104 may inhibit 

transcriptional activation by preventing Runx2 from binding with CBFβ (Wee et al, 

2002).  The activity of Runx2 may also be modified by acetyl and methyl-transferases.  

Runx2 is known to associate with the histone acetyl-transferases (HATs) p300 and 

MOZ. However, the role of HATs in the enhancement of expression of Runx2 target 

genes might not only be the acetylation of histones, but HATs might also acetylate 

Runx2 (Pelletier et al, 2002; Sierra et al, 2003).   

The steroid hormone 1,25-(OH)2-vitamin D3 (VD3) regulates osteoblast differentiation 

by either activating or repressing transcription of numerous bone phenotypic genes. It 

has been shown that expression of Runx2 is downregulated by VD3 within 24 h, but not 

cells that lack a functional vitamin D receptor (VDR), indicating that VD3-mediated 

suppression of Runx2 activity is important to the control of genes involved during bone 

formation (Drissi et al, 2002). Conversely active vitamin D directly acts upon osteoclast 
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precursor cells and suppresses their differentiation in vitro (Takasu, 2008). Therefore 

vitamin D possess pleitropic effect in bone formation; it can increase bone volume by 

inhibiting accelerated bone resorption, but also it negatively regulates Runx2 

expression. 

 

 

 

Fig. 1.8 The regulation of Runx2 transcription factor. Runx2/CBFβ binds to the 

specific DNA sequence via the runt domain to regulate gene expression. The 

extracellular signals as hormones and growth factors, the post-translational 

modifications as the acetylation and phosphorylation, and the interaction partners 

(activators or repressors) have important effects in the regulation of this transcription 

factor. 
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1.13 The Role of the cytoskeleton in the regulation of transcription 

 

The cytoskeleton   consists of a complex network of filamentous structures that includes 

intermediate filaments, microfilaments, actin filaments and microtubules (Janmey, 

1998). The cytoskeleton maintains cell shape and stability, mediates cell movement and 

plays an important role in both intracellular trafficking and cellular division. In addition, 

recent evidence suggests that cytoskeletal proteins also have a role in regulating 

transcription factor function (Loy et al, 2003; Sasaki et al, 2001;Yoshida, 2005; Berry et 

al, 2005; Kim et al, 2007). For example, actin has been shown to regulate transcriptional 

machinery. Actin polymerization regulates the transcription factor Serum Response 

Factor (SRF) which controls growth-factor-regulated genes such as c-fos and 

cytoskeletal actin, and numerous muscle-specific genes. It has been shown that actin 

regulates the subcellular localisation of the myocardin-related SRF co activator MAL. 

MAL is redistributed from the cytoplasm to the nucleus in response to Rho-induced 

actin polymerization. Activation of the Rho-actin signalling pathway is necessary and 

sufficient to promote MAL nuclear accumulation, where it binds and activates SRF 

(Miralles et al, 2003).  It has also been shown that CBFβ, the co-activator of Runx 

proteins associates with Filamin A, a component of the cytoskeleton that cross links 

actin filaments. In this case Filamin A retains CBFβ in the cytoplasm, thus preventing 

CBFβ from entering the nucleus to bind Runx1 (Yoshida, 2005).  

1.14 Filamins 

 

Filamins are large cytoplasmic proteins that crosslink F-actin to form a three-

dimensional network of actin filaments. Filamins have been shown to interact with at 

http://en.wikipedia.org/wiki/Cell_division
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least 30 different cellular proteins (Popowicz, 2006) suggesting that they are important 

in a range of cellular processes.  

1.14.1 Filamin and disease 

 

Genetic evidence links Filamin as an essential protein for human development. 

Mutations in Filamin have been reported to cause developmental malformations and 

disease (Feng & Walsh, 2004) (Fig. 1.9). The first reported diseases involving Filamin 

A mutation was an X chromosome linked brain malformation called Perventricular 

Heterotopia (Lu & Sheen, 2005). This disease basically consists in the accumulation of 

neurons in the lateral ventricle as they were not able to migrate to the cerebral cortex. 

This miss-localisation of neurons causes Epilepsy in the second decade of life. Patients 

suffering Perventricular Heterotopia have abnormal mRNA splicing or early truncation 

of Filamin A protein.  In rodents, mutations in Filamin A impede the neurons to leave 

the ventricular zone, originating brain malfunction (Feng & Walsh, 2004; Thomas et al, 

1996). Filamin A malfunction causes a range of skeletal disorders including 

otopalatodigital syndrome types 1 and 2 (OPD1 and OPD2), frontometaphyseal 

dysplasia (FMD) and Melnick Needles syndrome (MNS), all of which exhibit skeletal 

dysplasia (Feng & Walsh, 2004).  In mice with complete loss of Filamin A, abnormal 

epithelial and endothelial organisation and aberrant adherent junctions in developing 

blood vessels, heart, brain and other tissues are found (Feng et al, 2006). Missense 

mutations in Filamin A, however, lead to skeletal malformations (Feng et al, 2006; 

Robertson, 2005; Robertson et al, 2003). It is suggested that Filamin A plays important 

roles in cell-cell contacts and adherens junctions during organ development (Feng et al, 

2006). In addition, mutations in the related protein Filamin B cause severe skeletal 
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abnormalities in spondylocarpotarsal syndrome (SCT), Larson syndrome and 

atelosteogenesis I and III (Dobbs et al, 2008; Farrington-Rock et al, 2006; Zheng et al, 

2007). The expression of Filamin B is particularly high in human growth plate 

chondrocytes and in the developing vertebral bodies in the mouse (Krakow et al, 2004). 

Also, it has been shown that Filamin B mutations cause chondrocyte defects in skeletal 

development (Lu et al, 2007). Mice with disruption of both alleles of Filamin B have a 

high rate of embryonic death due to impaired development of microvasculature and 

skeleton (Farrington-Rock et al, 2008). Filamin B malfunction also results in skeletal 

defects in vertebral column and ribs (Zhou, 2007). Filamin A has some overlapping 

expression with Filamin B and could provide functional redundancy in some cell types 

(Sheen et al, 2002). However, despite being a clear genetic link between Filamin A and 

B in skeletal development (Bicknell et al, 2005; Krakow et al, 2004), the molecular 

mechanism by which Filamins influences bone development remains unknown.  
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Fig. 1.9 The clinical manifestations caused by mutations in Filamin A. Melnick 

Needles Syndrome (a,b), Frontometaphyseal Dysplasia (c), and  Otopalotodigital 

Syndrome (d-f) are the most common cases in patients with Filamin A mutations. These 

diseases affect mainly the normal osteogenic process in humans. The most characteristic 

phenotype in those patients is the cranial malformation, failure of development in tarsal 

and metatharsal feet bones and cleft palate. Adapted from (Robertson, 2007) 
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1.15 Structure of Filamins  

 

The three filamin isoforms in humans (filamin A, B and C) share 70% sequence identity 

(Feng & Walsh, 2004). Filamin A and Filamin B are ubiquitously expressed and 

Filamin C is found mainly in heart and skeletal muscles (Zhou, 2007).  Both human and 

mouse Filamin A genes are located on the X chromosome, whereas human Filamin B 

and Filamin C are on autosomal chromosomes 3 and 7, respectively. All three filamin 

isoforms are widely expressed during development. In adults, Filamin A is the most 

abundant isoform and Filamin C expression is mainly restricted to skeletal and cardiac 

muscle cells (Stossel et al, 2001). The amino-terminal region of Filamins is composed 

of an actin-binding domain, which contains two calponin homology (CH) domains 

termed CH1 and CH2. Each of these CH domains is composed of 110 residues (Galkin, 

2006) (Fig. 1.10). These residues were initially recognised in the protein calponin and 

they are present in a number of actin binding proteins, such as fimbrin, α-actin, 

utrophin, dystrophin and plectin as tandem pairs. The rest of the protein is made of 

semi-flexible 24 tandem repeats of ~96 amino acids each. These rod-like 24 repeats fold 

into anti-parallel ß-sheets, which resemble Ig-fold domains and function as interfaces 

for interactions with over 30 proteins of great functional diversity (Popowicz, 2006). 

There are two unique hinges of 35 residues, each positioned between repeats 15-16 and 

23-24 which show great sequence divergence. The hinges add flexibility to the filamin 

structure and are sites of proteolytic cleavage (Popowicz, 2006).  
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Fig. 1.10 The general structure of Filamins. The amino-terminal actin-binding 

domain of filamin contains two calponin homology domains depicted as CH1, 2. The 

rest of the protein is made of repeats that fold into anti-parallel ß-sheets. There is a 

stretch of 35 amino acids between repeats 15 and 16 as well as a second hinge between 

repeats 23 and 24. This figure represents Filamin A. The N-terminal actin-binding 

domain of Filamin A binds to filamentous actin (red) and efficiently tethers actin 

filaments into a three-dimensional gel. The last repeat is responsible for dimerisation 

which allows the formation of a V-shaped flexible structure. The anti-Filamin A 

antibodies used in this study recognise residues near the C terminal of human mouse 

and rat Filamin A (EP2405Y) and the full length Filamin A (CHEMICON). 
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1.15.1 Interaction of transcription factors with Filamin A  

 

Filamin A interacts directly with several diverse proteins including receptors, kinases 

and transcription factors and has been proposed to act as a scaffold for signalling 

transduction pathways. Since 2000, reports have been published regarding the 

interaction between Filamin A and transcription factors (Popowicz, 2006). Those 

studies suggest that Filamin A/transcription factor interaction might regulate gene 

expression by, for example, modulating the subcellular localisation either in the nucleus 

and the cytoplasm of the specific transcription factor. Until now, the interactions 

between Filamin A and molecules involved in transcription process have been 

confirmed: Androgen Receptor (Loy et al, 2003), Smads (Sasaki et al, 2001), CBFβ 

(Yoshida, 2005), FOXC1 (Berry et al, 2005) and P73α (Kim et al, 2007).  

It has been shown that CBFβ, the cofactor on Runx2 associates with Filamin A and 

retains CBFβ in the cytoplasm which obstructs the association with the transcription 

factor Runx1. The interaction with Filamin A is mediated by the amino acids 68 to 93 

of CBFβ and its deletion enabled CBFβ to translocate into the nucleus. Filamin A has 

been postulated to hold transcription factors in the cytoplasm from moving into the 

nucleus and therefore Filamin A plays a role in the regulation of signalling cascade 

(Yoshida, 2005).  

Given the importance of Filamin A in osteal disease, the possible interaction 

between Filamin A and Runx2 and the functional mechanism by which this complex 

may regulate the osteoblastic process was explored.  
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1.16 Project Aims 

 

Filamin A mutations have shown to produce bone malformation defects (Feng & 

Walsh, 2004). However, the mechanisms by which Filamin A impact on bone 

development are unknown. Runx2 is a transcription factor that has been shown to be a 

master regulator of bone formation and mutations of Runx2 in humans cause bone 

malformations (Ito, 2008). Both Filamin A and Runx2 knockout mice exhibit bone 

defects (Feng et al, 2006; Komori et al, 1997) and missense mutations of both genes 

have been found in patients who present skeletal abnormalities (Feng et al, 2006; 

Robertson et al, 2003). Previous studies in our group have shown that Filamin A can 

interact with both Runx2 and CBFβ by GST-pulldowns and immunoprecipitation of 

exogenous expressed proteins in HeLa cells. Therefore, the overall aim of this project 

was to determine the molecular function of the Filamin A/Runx2 interaction in vivo.  

Initial experiments were designed to stablish whether the Filamin A/Runx2 complex 

exists in osteoblastic cells. Subsequently the role of Filamin A in Runx2-dependent 

gene regulation was investigated. Finally, expression microarray analysis was 

performed to determine potential target genes regulated by Filamin A.  
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2.0 Material and Methods 
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2.1 Cell culture   

Cell lines were obtained from ATCC and were cultured in the stated media and 

incubated at 37 C with 5% CO2 (Table 2.0).  For differentiation studies, MC3T3 cells 

were cultured in medium supplemented with 10 mM β-glycerol phosphate (Sigma) and 

50 µg/ml L-ascorbic acid (Sigma). To block ribosomal DNA transcription SaOS-2 cells 

were incubated with 50 ng/ml of actinomycin D (AMD). Primary bone marrow cells 

were extracted from the tibial bone of healthy mice and were maintained in α-MEM 

medium containing 10% fetal bovine serum plus 2 mM L-glutamine and a penicillin-

streptomycin cocktail. 

2.2  Antibodies and plasmids.  

 

Primary antibodies. Polyclonal anti-Runx2 (Calbiochem). The monoclonal or 

polyclonal anti-CBFβ antibody, polyclonal anti-Lamin B1, polyclonal (ab5127) or 

monoclonal (EP2405Y) anti-Filamin A, monoclonal anti-fibrillarin, monoclonal anti-

nucleophosmin, monoclonal anti-RPA40, monoclonal anti-Nopp140, and monoclonal 

anti-UBF1, all were prurchased from AbCam. Monoclonal anti-Filamin A (Chemicon), 

monoclonal anti-β-tubulin (SIGMA), polyclonal anti-MMP-13, control rabbit and 

control mouse IgG (Millipore). Secondary antibodes. anti-rabbit or anti-mouse Alexa 

Fluor (Molecular Probes Invitrogen) and anti-rabbit or anti-mouse HRP-conjugated 

secondary antibodies (Jackson ImmunoResearch Laboratories, UK). 
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Table 2.0 Culture conditions for mammalian cell lines 

Cell Line Cell Line origin Culture Media (GibcoBRL) at 

37 C with 5% CO2 

HeLa, 

HeLa S3 

Human female, derived from a 

cervical carcinoma. 

DMEM, 10% fetal bovine serum 

(FBS), 1% penicillin/streptomycin. 

M2 Human melanoma which does 

not express Filamin A. 

Alpha MEM, 10% FBS  

1%  penicillin/streptomycin. 

MC3T3 Mouse preosteoblast, derived 

from the calvaria. Vitamin-D3 

receptor positive. 

Alpha MEM, 10% FBS, 2mM L-

glutamine, 1mM sodium pyruvate,  

1% penicillin/streptomycin. 

A7 Human melanoma cell line. A 

clonal derivate from M2 cells 

which stably express Filamin A. 

Alpha MEM, 10% FBS 1% 

penicillin/streptomycin. 

SaOS-2 

andU2-OS 

Human osteoblastic cell lines 

derived from an osteosarcoma.  

 

McCoy’s medium, 15% FBS, 2 mM 

L-glutamine  1% penicillin-

streptomycin. 

LNCaP Prostate cancer cell line, 

extracted from a lymph node. 

RPMI 1640, 10% FBS 1% 

penicillin/streptomycin. 

C2C12 Mouse Myoblatic cell line DMEM, 10% fetal bovine serum 

(FBS), 1% penicillin/streptomycin. 

PC3 Prostate cancer cell line, 

isolated from a bone metastasis. 

DMEM, 10% fetal bovine serum 

(FBS), 1% penicillin/streptomycin. 
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Construct plasmids. a) The pGL3MMP-13 promoter reporter plasmid, encoding the 

wild-type human promoter sequence, has been described previously (Mengshol et al, 

2001). pGL3MMP-13mut was generated by mutating the distal Runx site in the 

pGL3MMP-13 promoter already harbouring a mutation in the proximal Runx-binding 

site (Mengshol et al, 2001), using the QuickChangeXL Site directed Mutagenesis Kit 

(Stratagene, CA). The subsequent plasmid has both proximal and distal Runx-binding 

sites mutated. The sequence was verified by di-deoxy sequencing. b) The ribosomal 

DNA promoter reporter plasmid (rDNAp), encoding the wild-type mouse promoter 

sequence, has been described previously (Budde & Grummt, 1999). rDNAp contains a 

proximal Runx site in its sequence. rDNApMut was generated by mutating the Runx 

binding-site in the rDNAp from TGAGGT to TGAACT using the QuickChangeXL Site 

directed Mutagenesis Kit (Stratagene, CA).  The sequence was verified by di-deoxy 

sequencing. c) pcDNA3-Filamin A-myc and PCDNA3-Filamin A-GFP plasmids were 

provided by Dr John Blenis and Dr David A. Calderwood, respectively. The sequence 

of these plasmids was verified by di-deoxy sequencing. d) The construct plamid 

encoding the Runx2 sequence (pCMV5-Runx2) was obtained from Karenty’s group  

(Ducy et al, 1997) and the sequence was verified by di-deoxy sequencing. 

2.3 siRNA and Plasmid DNA transfection 

 

Cells at 60% confluency were transfected using Oligofectamine transfection reagent 

(Invitrogen) with a pool of small interfering RNA (siRNA) specific for human or mouse 

Filamin A (Santa Cruz, CA). Non-specific siRNAs (Santa Cruz, CA) were transfected 

in control cells.  Opti-MEM (Invitrogen) was used to dilute the siRNA duplexes and 

Oligofectamine for transfection. After treating the cells with siRNA for 4 h, the cells 
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were supplemented with growth media with FBS (final concentration of 15%). The 

siRNA experiment was carried out for 4 or 5 days, at which time the cells were 

harvested for total protein and RNA isolation to analyze the knockdown effect of 

Filamin siRNA and used for experiments. 

Cells at 80% confluency were transfected with 1 ug of the DNA plasmid constructs 

using LipofectAMINE 2000 transfection reagent (Invitrogen), according to the 

manufacturer's instructions.  Control cells were transfected in parallel with the same 

amount of empty vector DNA. Most of the transfection were perfomed in 6 well plates 

exept for microarray experimients in which 10 mm plates were used.  All transfections 

were performed in triplicate. RNA and protein were harvested at 24 to 48 h to either 

assess DNA promoter-driven reporter activity, or Runx2 and Filamin A protein levels.  

2.4 Site directed mutagenesis 

 

Mutations in the MMP-13 promoter plasmid were specifically introduced using using 

the QuickChangeXL Site directed Mutagenesis Kit following the manufacturer's 

protocol (Stratagene). The site specific mutations were introduced into the plasmid 

using mutated primers, which were present in the following PCR reaction; 5ng of 

template DNA, 125 ng of each primer, 20 nmol of dNTPs, 5 l 10 Pfu reaction buffer, 

1 l pfu turbo (2.5U/ l) and the volume of each reaction was adjusted to a total of 50 l 

using dH2O.  Each PCR underwent an initial DNA denaturing step at 95 C for 30 s, 

then 12 cycles at the following temperatures, 95 C for 30 s, 55 C for 1 min, and 68 C 

for 12 min.  After completion of the 12 thermo-cycles, 1 l of DpnI was added to each 

reaction and then incubated at 37 C for 1 hr.  XL-1 blue Epicurian coli super competent 
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cells (Stratagene) were then transformed with 1 l of the DpnI treated PCR mixture in 

accordance with the manufacturer's protocol.  

2.5 Transformation of bacteria 

 

Bacteria were made competent by growing a 5ml culture of bacteria until it reached an 

optical density of 0.6 when measured at a wavelength of 600 nm.  The bacteria were 

then centrifuged at 10,000 rpm for 1 min.  The pellet was resuspended in 300 μl of 

TFBI [10 mM MOPS; 10 mM Rubidium Chloride; pH 7.0] and incubated at 4˚C for 10 

mins.  The bacteria were then centrifuged at 10,000 rpm in a micro centrifuge for 1 min 

and the pellet resuspended in 200μl of TFBIII [100 mM MOPS; 50 mM CaCl2; 10 mM 

KCl; pH 6.5].   To transform the bacteria, approximately 0.1μg of plasmid DNA was 

added to the bacteria and the cells were heat shocked for 2.5 min at 42˚C.  The bacteria 

were then plated on selected LB plated and incubated overnight at 37˚C. 

2.6 Assesment of reporter activity 

Cells at 60% confluency were transfected in 6 well plates.  For transfections performed 

in 6 well dishes each transfection contained 900 ng of the indicated reporter plasmid 

and 100ng of Renilla luciferase reporter, pRL-SV40, which was used to normalise for 

transfection efficiency.  5 h post-transfection the transfection mixture was removed and 

replaced with the standard culture media for that cell line.  Either 24 or 48 h post 

transfection the cells were lysed and the luciferase activity was determined using the 

dual luciferase reporter assay system according to the manufacturer's recommendations 

(Promega).  All transfections were performed in triplicate and data is presented as mean 
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values with standard deviation.  Values are relative to the activity of either pGL3-Basic 

or pGL3-Promoter.  

To asses the reporter activity of rDNAp and rDNApmut, RNA and protein were 

harvested at 24 h. Primers were designed against the pUC9 transcribed sequence which 

is contained in the rDNAp. Reporter activity was determined by RT-qPCR and was 

normalized to GAPDH gene.  

2.7 Total Cell extracts 

 

Total cell extracts from mammalian cells were routinely prepared from 5×10
6
 cells.  1 

ml of 1X Loading Buffer [0.625M Tris-Cl (pH 6.8), 50% glycerol, 10% SDS, 10% ß-

mercaptoethanol, 0.05% bromophenol blue] was added to each plate, cells were scraped 

and transferred to a 1.5 ml tube. Following 5 min boiling at 100 C, 10 µl of each 

sample was loaded into a SDS-Polyacrylamide Gel Electrophoresis (PAGE). The rest of 

the samples were aliquoted and stored at -80 C. 

2.8 Isolation of nuclear and cytoplasmic protein fractions 

 

Nuclear extracts from mammalian cells were routinely prepared according to the 

method described in Schreiber et al. 1989.  5 10
6
 cells were pelleted by centrifugation 

at 1,000 rpm for 5 min.  The cells were washed with 3 ml of 1X PBS 137mM NaCl; 

2.7mM KCl; 1.5mM Na2HPO4; 1.8mM KH2PO4  and re-pelleted.  The pellet was 

resuspended in 1ml 1X PBS and transferred to an eppendorf tube where it was pelleted 

in a micro centrifuge for 1 min at 13,000 rpm.  The supernatant was removed and the 

pellet was resuspended by gentle pipetting in 400 l of ice cold Buffer A 10mM 

HEPES pH7.9; 10 mM KCl; 0.1 mM EDTA; 0.1 mM EGTA; 1 mM DTT; 0.5 mM 
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PMSF . To this 40 l of complete mini EDTA-free protease inhibitor cocktail (Roche) 

was added and the cells were incubated at 4 C for 15 min to allow the cells to swell.  25 

l of 10% Nonidet NP-40 (Fluka) was added and the cells vigorously vortexed for 10 s.  

The lysed cells were then centrifuged at 4 C, 14,000 rpm for 30 s.  The supernatant 

containing the cytoplasm and RNA was saved in another tube and the nuclear pellet was 

resuspended in 50 l of ice cold buffer B 20mM HEPES pH 7.9; 0.4M NaCl; 1mM 

EDTA; 1mM EGTA; 1mM DTT; 1mM PMSF .  5 l of protease inhibitor cocktail was 

added and the tube was vigorously vortexed for 60 min at 4 C.  Nuclear debris was 

pelleted by centrifugation at 14,000 rpm at 4 C for 5 min, and the supernatant 

containing the nuclear proteins was collected and immediately used for the experiments. 

Alternatively, for immunofluorescence or western blot analysis, nuclei were purified 

using the Nuclei EZ Prep Nuclei Isolation Kit (SIGMA). Cells were passed several 

times in a Dounce homogenizer and nuclei were centrifuged through a dense sucrose 

cushion (Greenberg and Bender, 2007). Nuclear and cytoplasmic fractions were 

subjected to SDS-PAGE and western blot.  
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2.9 Purification of Nucleoli 

 

Cells were harvest cells by trpysinisation and washed 3X with ice-cold PBS at 218 g 

(1000 rpm, Beckman GS-6 centrifuge, GH-3.8 rotor). The protocol was always 

maintained at 4 C. After the final PBS wash, cells were resuspended in 5ml of Buffer A 

(10 mM Hepes, pH 7.9, 10mM KCl, 1.5mM MgCl2, 0.5mM DTT) and incubated on ice 

for 5 min. Cells were transferred to a pre-cooled 7 ml Dounce tissue homogenizer 

(Wheaton Scientific Product Cat no: 357542) and homogenized 10 times using a tight 

pestle. Cells were centrifuged at 218g (1000 rpm for 5 min. and resuspended with 3 ml 

S1 solution (0.25 M Sucrose, 10 mM MgCl2). The resuspended pellet was layered over 

3 ml of S2 solution and centrifuged at 1430 g for 5 min. The pellet was resuspended in 

3m of S2 solution (0.35 M Sucrose, 0.5 mM MgCl2) and sonicated for 6 bursts (with 10 

second intervals between each burst) using a Misonix sonicator fitted with a micro tip 

probe and set at power setting 5. The sonicated sample was layered over 3 ml of S3 

solution (.88 M Sucrose, 0.5 mM MgCl2) and centrifuged at 3000g (12,000 rpm) for 10 

min. The pellet containing the isolated nucleol was washed with solution S2 and 

centrifuged at 1400 rpm twice. Until this stage the pellet contained highly purified 

nucleoli. 
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2.10 Western Blotting  

 

Samples were denatured by mixing protein sample 4:1 with a 5X concentration of 

loading buffer [0.625M Tris-Cl (pH 6.8), 50% glycerol, 10% SDS, 10% ß-

mercaptoethanol, 0.05% bromophenol blue]. The samples were heated at 100°C for 5 

min prior to loading onto the gel. 250 volts was used for running gels and the time was 

adjusted according to the percentage of polyacrylamide gel used and the protein 

molecular weights of interest. A molecular weight marker was loaded in parallel.  The 

gel and the nitrocellulose membrane were equilibrated in transfer buffer [250mM Tris, 

190mM Glycine, Methanol] for 15 min, and semidry transfer was performed by using a 

BlotterTM (Bio-Rad) at 12 Volts for 1.5 h on 280 kDa proteins, and 70 min on 66 kDa 

and below. The blot was then blocked with 5% non-fat dried milk (Marvel) freshly 

made in Tris Buffer Saline (TBS) containing 0.05% TWEEN-20 (Sigma) for 2 h. The 

membrane was then probed with the indicated primary antibody for 2 hrs at room 

temperature or 4°C overnight on a rotating shaker. All primary antibodies were probed 

at 1:1000 dilution, exept for the mouse monoclonal anti CBFβ antibody ( 1/500 

dilution). The blot was then rinsed 5 times in TBS-0.05% TWEEN 5 minutes each at 

room temperature. Goat anti-mouse IgG or goat anti-rabbit IgG, which are conjugated 

with horseradish peroxidase (Pierce), were used to probe the blot at a 1/5000 dilution in 

TBST/5% non-fat milk for 30-60 min. The membrane was again rinsed 5 times with 

TBS-0.05% TWEEN to wash off excess of secondary antibody for 5 min each. Immune 

complex were then detected by using the Supersignal West Dura Extended Duration 

Substrate (Pierce), following manufacturer recommendations. Bio-Rad Fluor-S multi-

imager with Quantity One software was used to detect the signal 
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2.11 Immunoprecipitation 

 

Total cell extract preparations were pre-clear with either Protein A or B agarose beads, 

washed and then incubated overnight at 4°C with 2-5 µg of specific antibodies followed 

by 2 h incubation with Protein G or Protein A agarose beads. Normal mouse or rabbit 

IgG was used as a control. After this incubation, the beads were washed 5 X, 10 min 

each at 4°C with lysis buffer [1% Triton, 20 mM Tris-HCl, pH 7.5, 150mM Sodium 

Chloride, glycerol 10% (v/v)] and the last wash with RIPA buffer [25 mM Tris-HCl pH 

7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS]. Washed beads 

were boiled with 36 µl of Loading Buffer [0.625M Tris-Cl (pH 6.8), 50% glycerol, 10% 

SDS, 10% ß-mercaptoethanol, 0.05% bromophenol blue]. 12 µl of the 

immunoprecipitate was loaded to an 8-10% SDS-PAGE and Western blot was 

performed.  

2.12 Immunofluorescence analysis 

 

Cells grown on cover slips were fixed with 4% paraformaldehyde, permeabilised with 

0.1% Triton X-100, and blocked with 1% bovine serum albumin in phosphate-buffered 

saline (PBS). Then, cells were incubated with the primary antibody (1:1000 dilution for 

all the antibodies) in PBS-0.5% TWEEN 20 for 1 hr at room temperature. After the 

incubation, cells were washes 3X with PBS-0.5% TWEEN 20 for 5 min each, followed 

by the secondary antibody of Alexa fluor at a dilution of 1:250. Cells were washed 3X 

with PBS and nuclear staining was perform along with mounting with Prolong® Gold 

antifade reagent with DAPI (4,6-diamidino-2-phenylindole) (Molecular Probes, 

Invitrogen) following manufacture’s protocol. The cover slips were allowed air-dry 

overnight at room temperature before examined under microscopy examination. 
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Depending of the nature of the experiment a snapshot fluorescence microscope, or a 

confocal microscope was used. For normal fluorescence microscopy, Images were 

collected on a Olympus BX51 upright microscope using a 40-100X/ 0.30 Plan Fln 

objective and captured using a Coolsnap ES camera (Photometrics) through MetaVue 

Software (Molecular Devices. Images were then processed and analysed using ImageJ 

(http://rsb.info.nih.gov/ij). Images were processed using MacBiophotonics ImageJ and 

Imaris software. For confocal analysis, single optical sections were captured through a 

confocal microscope (Zeiss LSM 510) equipped with a plan apochromat 60-100X 

objective (DIC 1.4NA). Images were processed using Zeiss and Imaris (Bitplane) 

software. For deconvolution analysis, a Deltavision microscope was used with a 100x 

objective was used. Images were deconvolved using 5–10 iterations and pre-filter cut-

off values (microns) of 0.05. Images were processed using Zeiss and Imaris (Bitplane) 

software. 

2.13 Polymerase Chain Reaction (PCR). 

 

Total RNA was prepared from cells using the RNeasy Mini Kit (Qiagen) under 

manufacturer protocol and recommendations. 100 ng of each sample was used in 

triplicate in a quantitative reverse transcription-PCR (RT-qPCR) using a one step 

Quantitect SYBR green RT-PCR kit (Qiagen). Primers were designed to amplify 

approximately 100 bp target fragments for each gene in study. The device used to 

perform RT-qPCR was the CFX-96 termocycler (BIORAD). The PCR conditions were 

the same as stated in the Quantitect SYBR green RT-PCR protocol (Qiagen).  To assess 

the relative changes in gene expression for each target gene in Filamin A-siRNA 

transfected cells to that of the control-siRNA group the 2-
ΔΔct

 method was used. The 2-
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ΔΔct
 method is a convenient way to analyze the relative changes in gene expression from 

RT-qPCR experiments based in the comparison between the Ct values of one target 

gene to a reference gene. Changes in mRNA expression levels were relative to GAPDH 

mRNA.  

Table 2.1 Primers used for RT-qPCR experiments. 
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2.14 Chromatin immunoprecipitation assays (ChIP) 

 

ChIP assays were performed as described previously (Deng & Roberts, 2007). RT-

qPCR was performed with promoter primers for MMP-13, OPN, rDNA genes. GAPDH 

primers were used as the reference. The relative enrichment of target DNA was 

determined by calculating the ratio of DNA from specific antibody to that from control 

IgG and normalized by GAPDH non-specific genomic DNA within the same sample.  

2.15 cDNA Microarray Analysis 

 

Micoarray analysis was performed in triplicate, M2 and A7 cells were grown until 80% 

confluency in 100mm plates and SaOS-2 cells were transfected with either a Filamin A 

specific siRNA or a scrambled siRNA as a control, they were grown until 80% 

confluency in 100 mm plates. After harvesting the cells, the cell lysates were passed 

through a RNeasy column in order to purify the RNA. The concentration of mRNA was 

measured and quality and control of the RNA was assesed. Right after cDNA was 

prepared, the microarray experiments were performed in the microarray facility by 

using the Affymetrix GeneChip® Human genome U133 array Plus 2.0 array.   

Once the experiment was made, the quality of the data was assessed and then processed 

to calculate the differential expression by statistical analysis. The final step was a list of 

genes that were arranged depending on the fold change versus the control samples. A 

negative fold change represented the downregulated genes and the positive fold change 

represented the upregulated genes. The genes that felt into -1.25 to 1.25 fold change 

were considered as the unaffected genes.  
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3.0 Filamin A is nuclear and interacts 

with Runx2 in bone cells 
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3.1 Introduction 

  

Filamin A is a 280 kDa protein that cross-links actin into networks and stress fibres. It 

consists of an amino-terminal actin-binding domain and 24 repeats of Ig-like domains 

linked to form a rod-like structure that dimerises to cross link actin (Stossel et al, 2001). 

Filamin A is widely expressed, interacts directly with several diverse proteins and has a 

role as a molecular scaffold (Feng & Walsh, 2004).  

The transcription factor Runx2 is a master-regulator of bone development (Stein et al, 

2004). Runx2-null mice fail to develop a skeleton due to defects in osteoblast and 

chondrocyte differentiation (Komori et al, 1997; Otto et al, 1997). Mutations in Runx2 

also cause the skeletal disorder cleidocranial dysplasia. Filamin A is known to retain the 

Runx-coactivator, CBFβ, in the cytoplasm (Yoshida, 2005). However, the role of 

Filamin A in regulating Runx2 and its target genes has not been addressed. 

 Here, it is shown that Filamin A interacts directly with Runx2 and that Filamin A is 

abundantly expressed in the nucleus of osteoblastic cells.  Also, it is demonstrated that 

Filamin A is recruited to the promoter of the gene encoding the bone matrix-degrading 

enzyme, matrix metalloproteinase-13 (MMP-13), and suppresses its Runx2-dependent 

expression. Moreover, during differentiation of osteoblastic cells Filamin A is 

downregulated and MMP-13 is upregulated.  
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3.2 Filamin A interacts directly with Runx2 

 

In order to determine whether endogenous Filamin A and Runx2 interact it was first 

established that they are both expressed in osteoblastic cells. Western blot analysis was 

performed on total cell extracts from the mouse osteoblastic cell line MC3T3 and in the 

human osteosarcoma cell line, SaOS-2.  These cell lines are widely used to study 

osteoblast differentiation and gene expression (Fig. 3A) and they have previously been 

shown to express Runx2 (Young et al, 2007). HeLa cells were used as a negative 

control for Runx2 expression. Runx2 expression was confirmed by incubating 

immunoblots containing total cell extracts with an anti-Runx2 antibody. As expected a 

band of approximately 64 kDa was observed in the osteoblast cell lines but not in HeLa 

cells (Fig. 3B, left panel). Incubation with an anti-Filamin A antibody revealed a band 

of approximately 280 kDa, thus confirming expression of Filamin A in the osteoblast 

cells (Fig. 3 B, right panel). However, it seems that mouse and human Filamin A 

display different cleavage products. The additional, lower molecular weight bands are 

most likely to be proteolytic cleavage products derived from the full-length protein. 

After confirming endogenous expression of the proteins in the osteoblast cell lines co-

immunoprecipitation experiments were performed to determine if the endogenous 

Filamin A and Runx2 proteins interact in vivo. Co-immunoprecipitation experiments 

were performed using cell lysates from SaOS-2 and MC3T3 cells. The interaction 

between Runx2 and the cofactor CBFβ has been widely established in osteoblastic cell 

lines (Komori, 2003) and in the metastatic breast cancer cell line MDA-MB-231 

(Mendoza-Villanueva et al, 2010). The interaction between Filamin A and CBFβ has 

been shown in melanoma cell lines but not in osteoblastic cells (Yoshida, 2005). As 
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expected, the Runx2-immunoprecipitated fraction subjected to western blot for CBFβ 

shows that CBFβ is associated with Runx2 (Fig. 3.1A left panel, lane 2). Furthermore, 

immunoprecipitation of Filamin A and subsequent western blotting confirmed that 

CBFβ is associated with Filamin A (Fig. 3.1A, right panel, lane 4). Having confirmed 

previously reported protein interactions the next experiment was designed to examine 

the putative interaction between Runx2 and Filamin A. 

Filamin A was immunoprecipitated from MC3T3 and SaOS-2 cell lysates and subjected 

to both Filamin A and Runx2 detection by western blot. Filamin A was present in the 

Filamin A-immunoprecipitated fraction thus indicating the suitability of Filamin A 

antibody for immunoprecipitation experiments (Figure 3.1B, upper panels, lane 2 and 

5). Immunoprecipitation of Filamin A and subsequent western blotting demonstrated 

that Runx2 is associated with Filamin A in osteoblast cells (Figure 3.1B, lower panels, 

lane 2 and 5).  This is the first demonstration that endogenous Filamin A is physically 

associated with endogenous Runx2 in vivo. 
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Fig. 3.0 Endogenous expression of Runx2 and Filamin A in mouse and human 

osteoblastic cell lines. (A) Light microscopy shows morphological characteristics in 

mouse MC3T3 and  human SaOS-2 cells. (B) Western blot analysis of total cell extracts 

against Runx2 and Filamin A (left and right panel, respectively). Molecular mass is 

indicated on the left, the cell type is indicated above the lanes, and the identity of the 

proteins is indicated on the right. Full length Filamin A is indicated with an arrow. 

Tubulin was used as a loading control.  
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Fig. 3.1 Filamin A interacts with Runx2. (A) Co-immunoprecipitation (co-IP) 

showing that CBFβ associates with Runx2 and Filamin A in MC3T3 cells. 

Immmunoprecitation (IP) was performed on MC3T3 cell lysates using antibodies as 

indicated above the lanes, followed by immunoblotting with anti-CBFβ antibody. 

Mouse IgG (MsIgG) was used as a control. IgG chain is denoted by *. (B) Runx2 is 

associated with Filamin A in osteoblastic cells. Filamin A was immunoprecipitated with 

an anti-Filamin A antibody followed by immunoblotting with an anti-Filamin A 

antibody (upper panels) or an anti-Runx2 antibody (lower panels). Rabbit IgG (RbIgG) 

was used as a control in IP experiments. 
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3.3 Filamin A and Runx2 co-localise to the nucleus 

  

Having demonstrated that Runx2 interacts with Filamin A, immunofluorescence 

microscopy experiments were designed to determine where Filamin A and Runx2 

interact within the cell. When stained with an anti-Runx2 antibody staining was almost 

exclusively nuclear in the cells tested (Fig. 3.2 A, green).  A lower level of staining was 

also observed in the cytoplasm. Staining with the Filamin A antibody “ab5127” 

revealed that Filamin A is not only present in the cytoplasm, where it associates with 

cytoskeletal fibres, but it is also expressed in the nucleus (Fig. 3.2 A and Fig. 3.2 B, red 

panels, when compared to β-tubulin staining (Fig. 3.2 B, green) which is exclusively 

cytoplasmic). Merging the stained images demonstrated that Filamin A and Runx2 co-

localise to the nucleus (Fig. 3.2 A, overlay panels). In order to confirm the previous 

observation, western blot analysis of nuclear and cytoplasmic extracts were performed 

in MC3T3 and SaOS-2. Western blot analysis shown that Filamin A, as well as Runx2, 

is expressed in the nucleus of both cell lines and that the predominant species of 

Filamin A is 280 KDa, which corresponds to the full-length Filamin A (Fig. 3.2C). 

Moreover, we extended immunoblot analisis to different cell-types including 

osteoblastic (SaOS-2 and U2-OS), prostate cancer (PC3 and LNCap), cervical cancer 

(HeLa and HeLa-S3) and myoblast (C2C12) cell lines (Fig. 3.2 D). All the nuclear cell 

extracts, but LNCaP cells, showed full length Filamin A expression (Fig. 3.2 D, lane 6). 

The purity of the cell extracts in C and D was confirmed by immunoblotting for Lamin 

B1, which is part of the nuclear envelope and β-tubulin, which is found exclusively in 

the cytoplasm. It is therefore likely that the interaction between Runx2 and Filamin A 

occurs in the nucleus.  
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Fig. 3.2 Filamin A and Runx2 co-localise to the nucleus. (A) Confocal microscopy 

showing Runx2 and Filamin A in the nucleus. MC3T3 and SaOS-2 were 

immunostained as indicated in the panels. Nuclei (blue) were stained with DAPI. Bar, 

10μM. (B) Confocal microscopy in MC3T3 cells showing the typical cytoskeletal β-

tubulin fibres which stains only the cytoplasmic surface, in comparison with the Filamin 

A staining which stained cytoskeleton fibres as well as the nucleus. Bar, 5 μM. (C) 

Western blot showing Filamin A and Runx2 in nuclear extracts. Nuclear (N) and 

cytoplasmic (C) extracts immunoblotted with antibodies as indicated. (D) Western blot 

in nuclear extracts from different cell-types showing nuclear localisation of Filamin A, 

exept in LNCaP cells.  Molecular mass is indicated on the left. 
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3.4 Establishing the knockdown of Filamin A 

 

In order to determine the role of the Filamin A/Runx2 complex experiments were 

performed to determine the effect of knocking down Filamin A on the localisation of 

Runx2 and on the expression of Runx2-target genes. Initial experiments established a 

protocol to knockdown Filamin A expression by transfecting siRNA targeting Filamin 

A in the osteoblastic MC3T3 and SaOS-2 cell lines. Transfection of MC3T3 cells with 

Filamin A-siRNA reduced Filamin A expression from day 1, and maximum knockdown 

of approximately 80% was achieved 4 days post transfection (Fig 3.3 A, lane 4). The 

decrease in Filamin A levels at day four could not be improved over time, as by day 5 

the levels of Filamin A appeared to increase (Fig 3.3 A, lanes 3). The levels of Filamin 

A in cells transfected with a non-specific scrambled sequence (Ctrl siRNA) remained 

unchanged (Fig 3.3 A, lane 5-8). SaOS-2 cells transfected with Filamin A-siRNA were 

subjected to western blot analysis and efficient knockdown of Filamin A 

(approximately 90%) was observed 5 days post-transfection (Fig 3.3 B, lane 6).  The 

levels of Filamin A in cells transfected with a non-specific scrambled sequence (Ctrl 

siRNA) remained unchanged (Fig 3.3 B, lanes 1,3 and 5).  

Consistent with the decrease of Filamin A protein, RT-qPCR analysis in both cell lines 

showed a significant decrease of Filamin A mRNA in cells transfected with Filamin A-

siRNA in comparison with mRNA levels observed in cells transfected with Ctrl siRNA 

(Fig 3.3 C). 
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Fig. 3.3 Filamin A knockdown efficiency induced by siRNA. (A) Expression of 

Filamin A (arrows) was analyzed by western blot in total cell lysates from MC3T3 cells 

from day one to five after transfection. (B) SaOS-2 cells were transfected with siRNA 

targeting Filamin A and harvested at day 3, 4 and 5 after transfection; similar results 

were obtained in three independent experiments. Molecular mass is indicated on the left 

and tubulin was used as loading control. (C) RT-qPCR analysis shows the reduction in 

Filamin A mRNA levels when MC3T3 and SaOS-2 were transfected with specific 

siRNA after day 4 and 5 respectively in comparison with cells transfected with a control 

siRNA. Data are presented as mean ± standard deviation (S.D.) (n = 3). Statistical 

evaluation of significant differences was performed using the Student's t-test. Asterisk 

(*) indicates P < 0.05 when compared to control (siRNA control). 

* 

* 
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3.5 Filamin A does not determine the subnuclear distribution of Runx2. 

  

Bone formation requires transcriptional mechanisms for sequential induction and 

repression of genes that support the progressive osteoblast phenotype (Lian & Stein, 

2003; Lian et al, 2006).  Runx2 is important to orchestrate these processes by 

influencing the functional architecture of target gene promoters (Stein et al, 2000). 

Furthermore, in vivo genetic evidence indicates that interference with subnuclear 

targeting of Runx2 can block bone formation (Choi et al, 2001). Therefore, since 

Filamin A is found in the nucleus it could influence the nuclear distribution of Runx2. 

In order to test this idea, Filamin A-siRNA knockdown was induced in SaOS-2 cells 

and nuclear Runx2 distribution was analysed by immunofluorescence microscopy. As 

expected, Filamin A was ablated in cells transfected with Filamin A siRNA in 

comparison with cells transfected with Control siRNA (Fig. 3.4 A, green panels). 

Nuclear localisation of Runx2 (red) was detected in Filamin A-siRNA and control 

siRNA cells (Fig. 3.4 A, Upper and Lower panels, respectively). The established 

punctate staining pattern of Runx2 was observed under both conditions and no change 

in nuclear versus cytoplasmic staining was observed. Thus, nuclear localisation of 

Filamin A does not support efficient nuclear targeting nor subnuclear localisation of 

Runx2.  

Another possibility was that Runx2 could be important for the translocation of Filamin 

A into the nucleus. Immunofluorescence experiments showed that Filamin A (red) was 

present in the nucleus of HeLa cells even when this cell type does not express Runx2. 

Therefore it appears that the subcellular localisation of Filamin A and Runx2 is not 

inter-dependent.  
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Fig. 3.4 Effect of Filamin A repression on subnuclear localisation of Runx2 

protein. (A) SaOS-2 cells were transfected with a Filamin siRNA (upper panels) and a 

Ctrl siRNA (lower panels) and processed for double immunofluorescence staining. 

Green and red colour represents Filamin A and Runx2, respectively. Bar, 5 μM. (B) The 

Runx2-negative cell line HeLa was stained against Filamin A (red) to show that nuclear 

Filamin A localisation is not dependant on Runx2 expression. Bar, 10 μM.. Blue colour 

in A and B represents the nucleus stained with Dapi. 
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3.6 Filamin A affects the cytoplasmic retention of CBFβ but not Runx2 

  

Filamin A functions to retain the Runx cofactor CBFβ in the cytoplasm (Yoshida, 

2005).  Therefore, as Filamin A and Runx2 interact, Filamin A could possibly retain a 

portion of Runx2 in the cytoplasm. To test this idea I sought first to reproduce the 

observation of Yoshida et al, 2005 in the Filamin A-negative (M2) and in the Filamin 

A-positive (A7) melanoma cell lines. In agreement with Yoshida et al, 2005, 

immunofluorescence microscopy showed that CBFβ was detected exclusively in the 

nuclei of Filamin A-negative M2 cells but in the cytoplasm and nucleus of Filamin A-

expressing A7 cells (Fig. 3.5 A red and green panels).  To confirm the expression of 

Filamin A in those cells a western blot was performed to show that Filamin A was not 

present in M2 but in A7. HeLa cells were used as a positive control for Filamin A 

expression and tubulin was used as a loading control. (Fig. 3.5 B).  

After confirming the observation made by Yoshida et al, 2005, the subcellular 

localisation of Runx2 was determined in the Filamin A-negative M2 and in Filamin A-

positive A7 cell lines. As M2 and A7 cells do not express Runx2, Runx2 was expressed 

by transient transfection. After 48 h, when Runx2 could be detected by western blot 

(Fig. 3.5 C, lanes 3, 4), cells were processed for immunofluorescence against Runx2 

and Filamin A (Fig. 3.5 B, red and green panels). Runx2 was located mainly in the 

nucleus of the Filamin A-negative as well as in Filamin A-positive cells. These results 

suggest that Filamin A does not sequestrate Runx2 in the cytoplasm unlike what is the 

case for its heterodimeric partner CBFβ. 
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Fig. 3.5 Subcellular localisation of CBFβ and Runx2 in M2 and A7 cells. (A) M2 

and A7 immunofluorescence staining against CBFβ (red) and Filamin A (green). (B) 

Filamin A expression in A7, M2 and HeLa cells by western blot of total cell extracts. 

(C) Runx2 expression in M2 and A7 cells previously transfected with full-length Runx2 

(lanes 3,4) and with control plasmid (lanes 1,2) after 48 hrs of transfection. Molecular 

mass is indicated on the left and tubulin was used as a loading control. (D) M2 and A7 

cells transfected with full-length Runx2 were stained against Runx2 (red) and Filamin A 

(green). Blue colour represents the nucleus stained with DAPI. Bars, 10 μm. 



80 

 

3.7 The effect of Filamin A downregulation on Runx2 target genes 

  

The results so far in this thesis indicate that Runx2 and Filamin A can form a complex 

in osteoblastic cells and that the presence or absence of Filamin A does not affect 

Runx2 subnuclear localisation. In order to determine the functional effect of the Filamin 

A interaction with Runx2, Runx2-target gene expression was analysed in the presence 

and absence of Filamin A. The following known Runx2-target genes were analysed:  

Osteocalcin (OC), Osteonectin (ON), Matrix Metallo proteinase-13 (MMP-13), and 

Osteopontin (OPN).  MC3T3 cells were cultured and transfected twice with Filamin A 

siRNA or control siRNA in a five day period, resulting in 90% downregulation of 

Filamin A (Fig. 3.6 A). mRNA from cells was isolated, cDNA synthesised and RT-

qPCR was performed. The primers used in this study were designed to amplify around 

100 and 120 base pairs for each gene in study and all of them were able to amplify only 

one PCR product (Fig. 3.6 B). Levels of  mRNA for Filamin A decreased in Filamin A-

siRNA transfected cells,  which correlates with the low amount of Filamin A protein 

(Fig. 3.6 C and A). The Runx2 target genes OC, OP and ON showed no significant 

difference when Filamin A was present or absent. However, MMP-13 showed an 

increase in cells transfected with Filamin A siRNA in comparison with the control. The 

downregulation of Filamin A did not change the levels of Runx2 nor those of CBFβ, 

suggesting that the results obtained in this experiment are not due to changes in the 

amount of Runx2 or CBFβ. Thus, these findings suggest that Filamin A inhibits the 

expression of the Runx2-target gene MMP-13. 
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Fig. 3.6 Realtime-qPCR analysis of known Runx2-target genes after siRNA 

knockdown of Filamin A. (A) A western blot of Filamin A shows Filamin A 

downregulation in MC3T3 cells after transfection with specific siRNA. (B) The genes 

examined are indicated on the X-axis which showed one amplification product. (C) RT-

qPCR in MC3T3 cells. Cells were transfected with either control (black bars) or Filamin 

A (white bars) siRNA and processed for qPCR studies. To assess changes in gene 

expression the 2
-ΔΔct

 method was used. GAPDH was used as a reference housekeeping 

gene. Statistical evaluation of significant differences was performed using the Student's 

t-test. Asterisk (*) indicates P < 0.05 when compared to control (siRNA control). 

* 
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3.8 Filamin A suppresses the Runx2-target gene MMP-13 

  

In the previous section it was shown that MMP-13 was significantly up-regulated when 

Filamin A was absent, whilst OCN and OP showed no significant change (Fig. 3.6). 

This observation suggests that Filamin A could influence specific Runx2 target genes. 

MMPs are members of a large family of proteinases that have the capacity to cleave 

native and interstitial collagens (Aimes & Quigley, 1995). Above all the collagenases, 

MMP-13 (collagenase-3) has been considered to have an important role in skeletal 

formation as it is present exclusively in the skeleton during embryonic development in 

cartilaginous growth plates and primary centres of ossification (Mattot et al, 1995). To 

determine if Filamin A suppresses MMP-13 gene transcription, the activity of the 

MMP-13 promoter was analysed using a luciferase promoter reporter in Filamin A 

knockdown SaOS-2 cells. The human MMP-13 promoter contains two Runx sites 

(Fig.3.7 A). The MMP-13 reporter plasmid (pGL3MMP-13) used in this study encodes 

the wild-type sequence and contains the two Runx recognition sites. pGL3MMP-13mut 

was generated by mutating both Runx-binding sites by site directed mutagenesis (Fig. 

3.7 B). Co-transfection of Filamin A siRNA with pGL3MMP-13 resulted in a 2 fold 

increase in the promoter activity compared to control siRNA transfections (Fig. 3.7 C, 

white bars). Importantly, when the Runx-binding sites in the MMP-13 promoter were 

mutated, knockdown of Filamin A had no effect on the activity of the MMP-13 

promoter (Fig. 3.7 C, black bars). Therefore, it is suggested that Filamin A suppression 

of the MMP-13 promoter is mediated via Runx2.  
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Fig. 3.7 Knockdown of Filamin A activates in a Runx2 dependent manner the 

MMP-13 promoter activity. (A) Representation of the proximal MMP-13 promoter 

from human sequence. Runx sites are shown in green, red letters denotes the 

translational start site.  (B) Diagram of pGL3MMP-13 wild type promoter reporter 

plasmid showing the Runx2 sites in green. The induced Runx2 site mutations in order to 

produce pGL3MMP-13mut are shown in blue. (C) SaOS-2 cells were transfected with 

either control or Filamin A siRNA and then transfected with either the wild type 

pGL3MMP-13 or the pGL3MMP-13mut promoter reporters as indicated. Data are 

presented as mean ± standard deviation (S.D.) (n = 3). Statistical evaluation of 

significant differences was performed using the Student's t-test. Asterisk (*) indicates P 

< 0.05 when compared to pGL3MMP-13 in siRNA-Filamin A cells. 

* 
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3.9 Filamin A suppresses the MMP-13 promoter via Runx2 in M2 and A7 cells 

  

To further establish if MMP-13 suprression by Filamin A suppression is indeed 

mediated by Runx2, ectopic expression of Runx2 was induced in Filamin A-negative 

(M2) and the Filamin A-positive (A7) cell lines were used (Fig. 3.5 and Fig. 3.8 B). M2 

and A7 cells do not express Runx2. Therefore, changes observed in the activity of the 

transfected MMP-13 promoter would be due to the presence or absence of Filamin A 

under the Runx2 presence.  M2 and A7 cells were transfected with Runx2 plasmid or 

control plasmid as well as the pGL3MMP-13 or the pGL3MMP-13mut promoter 

reporter plasmids. After 48 h, cells were harvested and processed for luciferase assay 

and western blot. The luciferase activity analysis was made by calculating the fold 

change activity when compared to pGL3MMP-13mut reporter plasmid data. By doing 

this, the results shown represent only the reporter activity that is dependent on Runx2 

overexpresion.  In the Filamin A-negative M2 cells, ectopic expression of Runx2 (Fig. 

3.8 C, lanes 3,4) stimulated MMP-13 promoter activity by more than 2 fold in 

comparison with the control M2 cells that not received the Runx2 plasmid (Fig. 3.8 A, 

M2 bars and 3.8 C lanes 1 and 2). This indicates that transfected Runx2 is active and 

sufficient to induce MMP-13 promoter activity in these cells. In contrast, expression of 

Runx2 in the Filamin A-expressing A7 cells had no effect on the promoter activity in 

comparison with A7 cells where Runx2 was not present (Fig. 3.8 A, A7 bars). 

Furthermore, Runx2 expression in Filamin A-negative M2 cells stimulated the activity 

of the promoter by more than 2 fold in comparison with the 1.4 fold from the Runx2 

transfected Filamin A-expressing A7 cells. Taken together these data indicate that 

Filamin A-negatively regulates the Runx2-dependent activity of the MMP-13 promoter.  
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Fig. 3.8 Filamin A suppresses Runx2 activation of the MMP-13 promoter. (A) M2 

and A7 cells were transfected with the pGL3MMP-13 promoter reporter in the presence 

and absence of a Runx2 expression plasmid as indicated. The luciferase assay data show 

the fold change in activity compared to the activity of the transfected pGL3MMP-13mut 

Data are presented as mean ± standard deviation (S.D.) (n = 3). Statistical evaluation of 

significant differences was performed using the Student's t-test. Asterisk (*) indicates P 

< 0.05 when compared to M2 cells transfected with control plasmid. (B) A western blot 

confirming the Filamin A expression status of M2 and A7 cells. (C) A western blot 

demonstrating that M2 and A7 cells do not express Runx2 (lanes 1,2). Runx2 was 

detected after Runx2 plasmid transfection (lane 3,4). 

 

* 
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3.10 Filamin A is downregulated during differentiation 

 

It is well established that MMP-13 expression increases during osteoblast differentiation 

(Mizutani et al, 2001). MC3T3 cells represent a well accepted model for studying 

osteoblastic differentiation in vitro. The osteoblastic differentiation can be induced by 

incubating confluent MC3T3 cells with ascorbic acid and β-glycerol phosphate 

(Franceschi et al, 1994; Harada et al, 1991) It has been observed that differentiating 

cells start to form a well mineralized extracellular matrix (ECM) from day 4 onwards 

and by two weeks they form a substantial amount of mineralized deposits, a crucial step 

to form calcified bone (Mizutani et al, 2001). Also, these cells selectively express 

mRNAs for the osteoblast markers, MMP-13, bone sialoprotein (BSP), osteocalcin 

(OCN), and express comparable basal levels of mRNA encoding Runx2 (Bourne et al, 

2004). Given the data suggesting that Filamin A suppresses MMP-13 expression, the 

expression of these proteins during differentiation in MC3T3 cells was determined.   

In order to confirm the ability of these cells to differentiate, cells were treated with or 

without ascorbic acid and β-glycerol phosphate for two weeks. Cells were fixed and 

incubated with alizarin red which stains for the presence of calcium deposition 

denotating thus differentiation. Therefore, alizarin staining was used as an early stage 

marker of matrix mineralisation. As expected, differentiating MC3T3 cells formed 

mineralized deposits (black patches) in comparison with control cells (Fig. 3.9 A). Next, 

the expression of Filamin A and MMP-13 in control and differentiating cells by western 

blot was determined. In agreement with previous reports MMP-13 expression increased 

significantly from day 4 to day 16 (Fig. 3.9 B, top panel). Surprisingly, Filamin A 

expression was markedly reduced from day four through to day sixteen (Fig. 3.9, B 
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middle panel). Moreover, the changes in protein expression of Filamin A and MMP-13 

were correlated with changes of mRNA levels, as analysed by RT-qPCR (Fig. 3.9 C).  

Thus, maximum expression MMP-13 and minimum expression of Filamin A were 

observed at 16 days. Therefore the expression of endogenous MMP-13 correlates 

inversely with that of endogenous Filamin A in differentiating osteoblastic cells; 

supporting the hypothesis that Filamin A suppresses MMP-13 expression.   
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Fig. 3.9 Filamin A is downregulated during differentiation. (A) Mineralization 

deposits as shown by alizarin red staining were observed after two weeks differentiation 

period in comparison with differentiated cells. Photos are shown in black and white. (B) 

Expression of Filamin A and MMP-13 in differentiating MC3T3 cells. Total cell 

extracts were analyzed by western blotting with antibodies as indicated. Molecular mass 

is shown at left and tubulin was used a loading control. (C) RT-qPCR showing mRNA 

expression of Filamin A and MMP-13 in differentiating cells. Error bars represent the 

standard deviation (SD) of three independent experiments performed in triplicate. 
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3.11 The role of Filamin A in the regulation of MMP-13 in differentiating MC3T3 

cells 

 

In the last section it was shown that Filamin A downregulation during differentiation 

correlates with the upregulation of MMP-13. However, this correlation does not prove 

that Filamin A is regulating MMP-13 expression. In order to show that Filamin A had a 

direct effect on the regulation of MMP-13, an experiment was performed to re-

introduce Filamin A in differentiating cells where Filamin A has been naturally 

downregulated. Differentiating MC3T3 cells at day 8 were transfected with full length 

Filamin A or plasmid control. After 48 h RNA was isolated and RT-qPCR for detecting 

MMP-13 mRNA was performed. As expected in undifferentiated cells, when Filamin A 

was still present (Fig. 3.10 A lane 1), small but detectable levels of MMP-13 mRNA 

were present (Fig. 3.10 B, white bar). High levels of MMP-13 mRNA were detected 

when differentiating cells were transfected with a control vector (Fig. 3.10 B, black 

bar). In contrast, the reintroduction of Filamin A in differentiating cells (Fig. 3.10 A, 

lane 3) induced a decrease in the MMP-13 mRNA levels in comparison with 

differentiating cells that received only the empty vector (Fig. 3.10 B, grey bar).  These 

findings suggest that exogenous expression of Filamin A in differentiating MC3T3 cells 

suppressed the levels of MMP-13 mRNA.  

It has been shown that Filamin A is downregulated by day 4 during 

differentiation of MC3T3 cells. Therefore, early suppression of Filamin A could induce 

the differentiated cells to produce more MMP-13 mRNA levels. In order to test this 

idea, MC3T3 cells were transfected with Filamin A siRNA or control siRNA.  Once 

Filamin A downregulation was induced, cells were differentiated for 5 days, RNA was 

isolated and RT-qPCR was performed to detect Filamin A and MMP-13 mRNA levels. 
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As it has been shown before in Fig. 3.9, Filamin A mRNA levels dropped gradually 

during the differentiation time to reach the lowest levels at day five (Fig. 3.10 C red 

line, squared markers).  In the same cells, levels of MMP-13 increased gradually over 

the differentiation time (black line, squared markers).  When Filamin A was suppressed 

by siRNA from day zero, it could be shown that Filamin A decreased further its levels 

over the differentiation time (red line, circled markers). Importantly, suppression of 

Filamin A from day zero resulted in an increase of MMP-13 mRNA levels over the 

differentiation time (black line, circled markers). These levels were indeed higher when 

compared to cells where Filamin A levels decreased naturally during the differentiation 

period. 

Taken together the data so far indicate that Filamin A suppresses the expression 

of MMP-13 and that this suppression is relieved in some extent during differentiation 

by downregulation of Filamin A.  
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Fig. 3.10 A change in Filamin A levels induces changes in MMP-13 mRNA 

expression in differentiating MC3T3 cells.  (A) A western blot of Filamin A before 

differentiation, after eight days of differentiation and after exogenous expression of 

Filamin A in differentiating cells at day eight. Molecular mass is shown at left and 

tubulin was used as a loading control. (B) RT-qPCR analysis shows that MMP-13 

mRNA is reduced after transfection of Filamin A in differentiating MC3T3 cells. Data 

are presented as mean ± standard deviation (S.D.) (n = 3). Statistical evaluation of 

significant differences was performed using the Student's t-test. Asterisk (*) indicates P 

< 0.05 when compared to differentiated cells with empty vector. (C) Downregulation of 

Filamin A by siRNA starting from differentiation day zero induces an increase of 

MMP-13 levels. Data are presented as mean ± standard deviation (S.D.) (n = 3). 

* 
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3.12 Filamin A is associated to the MMP-13 promoter 

  

Having demonstrated that Filamin A and Runx2 interact and that Filamin A can 

suppress the expression of the Runx2-target gene MMP-13 it was next tested if Filamin 

A was directly involved in the transcriptional regulation of MMP-13. Therefore, it was 

sought to determine if Filamin A was recruited to the promoter of the MMP-13 gene. 

Chromatin immunoprecipitation (ChIP) assays were performed in MC3T3 cells.  ChIP 

is a powerful tool for identifying proteins that are associated with DNA by using 

specific antibodies to immunoprecipitate DNA bound by a protein of interest (Kuo & 

Allis, 1999).  In this experiment MC3T3 cells were subjected to ChIP analysis. Filamin 

A and Runx2 antibodies were used to pull-down protein-DNA complexes and IgG was 

used as a control. Endogenous Filamin A and Runx2 were both present on the 

endogenous MMP-13 promoter in MC3T3 cells when compared to control IgG 

experiments (Fig. 3.11 A). In contrast, Filamin A nor Runx2 could be detected on the 

promoter of the osteopontin gene, which was unaffected by knockdown of Filamin A 

(Fig. 3.6), and is consistent with the fact that osteopontin is expressed at later stages of 

differentiation (Beck et al, 2000). Furthermore, Filamin A was present at the MMP-13 

promoter prior to differentiation but was not detectable after 6 days of differentiation 

(Fig. 3.11 B). These results show that Filamin A is associated to the MMP-13 promoter 

and suggest that prior to differentiation of osteoblasts Filamin A is associated to the 

MMP-13 promoter and during differentiation Filamin A is downregulated, thus 

relieving suppression of the MMP-13 promoter. Taken together the data presented in 

this chapter demonstrate that Filamin A interacts with Runx2 to directly suppress 

Runx2-dependent expression of the MMP-13 gene.  
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Fig. 3.11 Chromatin immunoprecipitation (ChiP) analysis shows that Filamin A is 

associated to the MMP-13 promoter. (A) ChIP assays showing Filamin A and Runx2 

associated to the MMP-13 promoter. ChIP assays were performed with antibodies as 

indicated on the X-axis. (B) ChIP assays showing Filamin A is no longer associated to 

the MMP-13 promoter in differentiating MC3T3 cells. ChIP assays were performed 

with antibodies as indicated on the X-axis on day 0 and day 6 of differentiation. The 

data show RT-qPCR performed with MMP-13 and/or OPN promoter primers. Data in A 

and B are presented as mean ± standard deviation (S.D.) (n = 3).  
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3.13 Discussion  

 

The data presented in this study demonstrates that Filamin A and Runx2 can interact in 

vivo in osteoblastic cells. It also shows that Filamin A is present in the nucleus and can 

regulate, via Runx2, the activity of the MMP-13 gene by binding to its promoter. 

Moreover, it has been demonstrated that during osteoblastic differentiation, Filamin A 

is downregulated, which in turn promotes the activation of the osteoblastic 

differentiation marker MMP-13. Variations of Filamin A levels during differentiation 

can affect the levels of MMP-13, therefore suggesting that presence of Filamin A delays 

the osteoblastic differentiation process. 

3.13.1 The interaction between Filamin A and Runx2 

  

The data presented in this thesis shows for the first time that endogenous Filamin A 

interacts with the transcription factor Runx2 in osteal cells. Filamin A is an actin-

binding protein which organises the actin filaments and functions as a scaffold for a 

wide variety of proteins, some of them involved in signal transduction pathways 

(Popowicz, 2006). To date, the transcription factors  Insulin-like growth factor-binding 

protein-5, the  androgen receptor, the smads proteins, foxc1 and p73 alpha have been 

found to be regulated by Filamin A which has positive and negative influences on 

transcription (Abrass & Hansen, 2010; Berry et al, 2005; Kim et al, 2007; Loy et al, 

2003; Sasaki et al, 2001).  

Previously, it has been demonstrated that Filamin A binds to and retains the Runx2 

binding partner, CBFβ, in the cytoplasm (Yoshida, 2005). One important question to 

discuss is whether Runx2 is directly binding to Filamin A or if Filamin A is bound to 

CBFβ and in consequence Runx2 is carried over indirectly. Results gathered in this 



95 

 

regard (Tang Y and Shore P, unpublished data) have demonstrated by in vitro GST-

pulldowns of purified proteins that sequential deleterious truncations in the carboxy-

terminal of Runx2 up to amino acid 424 were able to bind to Filamin A. However, 

further deletion to amino acid 396 significantly reduced the interaction, as did all other 

C-terminal deletions up to residue 235. Residues between 396 and 424 of Runx2 were 

therefore essential for the interaction with Filamin A. With this evidence, as CBFβ was 

not present in those pulldowns, it can be concluded that the interaction between Filamin 

A and Runx2 indeed occurs and in this case this interaction can have an important 

biological function in osteoblastic cells.  

3.13.2 Nuclear Filamin A and Runx2 co-exist in the nucleus 

  

Filamin A, besides being a cytoskeletal protein, has also been found in the nucleus 

(Bedolla et al, 2009; Dingova et al, 2009; Ozanne et al, 2000; Uribe & Jay, 2009; Wang 

et al, 2007). Reports have suggested that only the cleaved version of Filamin A can be 

translocated into this organelle. Full length Filamin A is cleaved to a 90 kDa fragment 

which is then translocated to the nucleus in hormone-naïve cells. Alternatively in 

hormone-refractory cells, Filamin A was phosphorylated, preventing its cleavage and 

nuclear translocation (Bedolla et al, 2009). Moreover, it has been reported that a C-

terminal 100 kDa fragment of Filamin A colocalised with the Androgen Receptor to the 

nucleus, but full length Filamin A remained predominantly in the cytoplasm (Loy et al, 

2003).  Conversely, a small fraction of full length Filamin A has been found to be 

located in the nucleus of human skin fibroblasts and HeLa cells, where it participates in 

the DNA damage response through a nuclear interaction with BRCA2 (Yue et al, 2009). 

Therefore, there is some controversy as to whether full-length Filamin A is present in 
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the nucleus of cells (Zhou et al, 2010).  In this thesis evidence is presented by 

immunofluorescence and western blot analysis which shows that full length Filamin A 

is not only present in the cytoplasm but also it is abundantly expressed in the nucleus in 

osteoblastic cells. These observations have been also extended to other cell-types 

(HeLa, PC3, C2C12 and U2-OS) but not in the LNCaP cell line, where nuclear Filamin 

A is not detected (Wang et al, 2007). These findings suggest the possibility that nuclear 

Filamin A can affect the function of the transcription factor Runx2. Therefore, as both 

proteins have been shown to interact in vivo, it is likely that this interaction occurs in 

the nucleus.  

3.13.3 Filamin A binds to the MMP-13 promoter to suppress gene expression via 

Runx2 

  

Filamin A interacts directly with several diverse proteins including receptors, kinases 

and transcription factors and has been proposed to act as a scaffold for signalling 

transduction pathways. Since 2000, reports have been published regarding the 

interaction between Filamin A and transcription factors (Popowicz, 2006). It has been 

demonstrated that the regulation of the transcription factor called FOXC1 is mediated 

through many interactions with both Filamin A and the transcription regulator PBX1. 

The full length Filamin A efficiently carries PBX1 into the nucleus where the FOXC1-

PBX1 transcription-inhibitory complex forms (Berry et al, 2005). Moreover, the nuclear 

presence of the Filamin A fragment interferes with the interdomain interactions and co- 

activator binding of another transcription factor, the Androgen Receptor, thus repressing 

its transactivation activity (Loy et al, 2003). In this work it has been demonstrated that 

Filamin A suppresses Runx2-dependent expression of MMP-13 in osteoblasts. These 



97 

 

findings provide the first molecular explanation of how Filamin A modulates bone-

specific gene expression. Also it has been shown that Filamin A binds directly to Runx2 

and both proteins are associated to the MMP-13 promoter.  Little is known about the 

nuclear function of Filamin A, although it has been shown to inhibit the activity of the 

transcription factors FOXC1 (Berry et al, 2005) and the Androgen Receptor (Loy et al, 

2003) and, with this thesis, it can be added Runx2 to the list. Currently, Filamin A is 

thought to be present in the cytoplasm and in the nuclear fraction, which can suggest 

that Filamin A can have distinct functions apart from being an actin binding protein. 

The association of transcription factors with this cytoskeletal protein, either the full 

length or the cleaved product, is particularly interesting as it suggests that Filamin A 

plays a pivotal role in linking the cytoskeleton to the regulation of gene expression. 

Whether Filamin A can affect a different set of transcription factors, either by 

cytoplasmic sequestering or by influencing its nuclear activity, is still unclear and 

remains to be a matter of subsequent studies. 

3.13.4 The downregulation of Filamin A and the upregulation of MMP-13 in 

differentiating osteoblasts 

  

Besides the typical function of Filamin A as an actin cross-linking protein, or as a 

scaffold for cytoplasmic signalling proteins.  Filamin A plays essential roles throughout 

development and in the adult organism. Mutations in each of the human Filamin genes 

have been linked to disease with similar phenotypes including embryonic lethality, 

defective neuronal migration, valvular dystrophy, congenital bone malformations, and 

myofibrillar myopathy (Zhou et al, 2010).  This diversity reveals that Filamins perform 

a variety of essential functions, particularly with respect to the skeletal and 
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cardiovascular systems. One important finding in this work is the fact that during the 

osteoblastic differentiation of MC3T3 cells the levels of Filamin A are downregulated 

from day 3 onwards, which coincides with the upregulation of MMP-13 protein, a 

marker of osteoblastic differentiation (Zaragoza et al, 2006). Furthermore, Filamin has 

been shown to be downregulated during differentiation of different lineages, this is an 

interesting observation that led to think of Filamins as regulators of differentiation 

during development and in adult organisms.  Filamin downregulation during 

differentiation has been reported in the myoblastic cell line C2C12; in contrast, the 

expression of β1D and sarcomeric myosin heavy chain (MHC) was induced in 

differentiating C2C12 cells as a control for differentiation (van der Flier et al, 2002). 

Also, it has been reported that the induced differentiation with retinoic acid in the 

promyelocytic NB4 and myeloblastic PLB985 cells towards the granulocytic pathway 

induced the downregulation of Filamin A and the upregulation of the ASB2 which 

inhibits growth and promotes cell fate commitment. ASB2 is the specificity subunit of 

an E3 ubiquitin ligase complex and is proposed to exert its effects by regulating the 

turnover of specific proteins and in this case targeting Filamin A for proteasomal 

degradation (Heuze et al, 2008).   In this work, the downregulation of Filamin A in 

differentiating MC3T3 began at day three, and by day four, a considerable amount of 

Filamin A is decreased in comparison with the control cells. This rapid downregulation 

might be due to the proteasomal degradation of Filamin A proposed by Heuze et al, 

2008. In addition, during myogenic differentiation it has been reported that Filamin A 

degradation is also favoured by m-calpain which cleaves Filamin A to smaller 

fragments (Kwak et al, 1993; van der Flier et al, 2002).  Therefore it could be that 
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calpain also has an important role in osteoblastic differentiation by cleaving Filamin A 

down in order to decrease Filamin A levels. Finally, the levels of the differentiation 

marker MMP-13 during differentiation was investigated by either expressing or 

knocking down Filamin A in MC3T3 cells. Thus, Filamin A over expression delayed 

expression of MMP-13 and Filamin A downregulation favoured its expression. The 

results presented here point out the importance of Filamin A during osteoblastic 

differentiation.  

3.13.5 A possible mechanism of the regulation of MMP-13 gene by Filamin A in 

differentiating osteoblasts. 

 

Given that Filamin A has been shown in this work to be located in the nucleus, to 

interact with Runx2, to be present in the promoter of the gene MMP-13 negatively 

regulating MMP-13 expression, and importantly, to be downregulated during early 

osteoblast differentiation which coincides with the upregulation of MMP-13;   a model 

of Filamin A function in differentiating osteoblast is suggested (Fig. 3.12). In this model 

it is proposed that in undifferentiated MC3T3 osteoblasts, when Filamin A levels are 

unchanged or basal, MMP-13 expression is suppressed in part because Filamin A and 

Runx2 are associated to the promoter of the MMP-13 gene (Fig. 3.12). When the 

MC3T3 cells start to differentiate into osteoblast by adding 10 mM β-glycerol 

phosphate and 50 µg/ml L-ascorbic acid to the to the growth media, Filamin A 

expression is subsequently down-regulated (either by calpain cleavage or by 

proteasomal degradation) by day three. The downregulation of Filamin A results in loss 

of Filamin A at the MMP-13 promoter so it can no longer suppress Runx2 activity 

which in turn allows a concomitant increase in MMP-13 expression (Fig. 3.12).  
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The mechanism of how Filamin A suppresses the activity of Runx2 remains to be 

elucidated. One mechanism could be that cytoplasmic Filamin A may be an anchor for 

proteins involved in transcription. Once in the nucleus, Filamin A can bring a specific 

set of repressors to the promoter, therefore inhibiting the expression of the gene.  

Another possibility could be that Filamin A and/or Runx2 could promote gene 

modifications which in turn can block transcription. In terms of epigenetic gene 

regulation, a gene needs to be activated and chemical labels in the DNA determine 

which genes are transcribed into RNA and which others will be silenced. Among the 

epigenetic mechanisms, the silencing of genes by methylation is one of them. This is 

performed by methyltransferases, enzymes that attach methyl labels to a gene, thus 

blocking its expression (Zaidi et al, 2010). Further studies will be needed in order to 

elucidate the mechanism in which Filamin A is suppressing gene expression. The 

diagrammatic model presented in this thesis is also supported by the fact that mutations 

in Filamin A, Runx2 or MMP-13 genes cause skeletal dysplasia. It could be possible 

that mutations in Filamin A give rise to skeletal dysplasia, at least in part, by perturbing 

the Filamin A/Runx2 regulatory mechanism and thus affecting the expression of MMP-

13, and probably other genes that remain to be identified.  
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Fig. 3.12 A model depicting control of MMP-13 transcription by Filamin A and 

Runx2. Filamin A is located in the promoter of MMP-13 to suppress Runx2 function in 

the pre-osteoblast. During differentiation, Filamin A levels decrease and no longer can 

inhibit Runx2, thus relieving MMP-13 suppression to continue the osteoblastic 

differentiation program.  
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4.0. A novel role of the cytoskeletal 

protein Filamin A in the nucleolus: the 

regulation of ribosomal DNA 
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4.1 Introduction   

 

The essential role of Runx2 in bone development has been demonstrated when mice 

lacking the Runx2 gene do not form calcified bone (Komori et al, 1997). In addition, 

Filamin A has been linked to bone malformation in humans. Thus, Filamin A could play 

a pivotal role in bone formation during development (Robertson et al, 2003; Zhou et al, 

2010). The last chapter demonstrated that Filamin A protein is not only able to localise 

to the cytoplasmic compartment, where it is known to associate with actin, but also that 

it is abundant in the nucleus. In this chapter it is demonstrated that in the nucleus 

Filamin A accumulates within the nucleolus in different cell types. The nucleolus is the 

most prominent nuclear sub-compartment, which has an important role in ribosome 

biogenesis (Sirri et al, 2008). The nucleolus contains ribosomal genes, rRNA and 

nucleolar proteins; it is a factory in which rRNAs are synthesized, processed and 

assembled with ribosomal proteins in order to form pre-ribosome subunits. These 

subunits travel to the cytoplasm where they direct protein synthesis (Boisvert et al, 

2007). Immunofluorescence and co-localisation analysis against distinctive nucleolar 

proteins suggest that Filamin A is located in the granular component and, in some 

extent, to the fibrillar centre of the nucleolus. Also, it is shown that Filamin A and 

Runx2 are found in the nucleolus, in which Runx2 has been previously shown to act as 

repressor or rDNA genes (Young et al, 2007).  Further analyses using a rDNA promoter 

demonstrated that the Filamin A/Runx2 complex represses ribosomal gene expression 

and that Filamin A associates with the promoter of ribosomal genes. This chapter 

presents novel evidence of Filamin A being present in the nucleolus to regulate rRNA 

expression.  
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4.2 Punctate patterns of Filamin A are detected in the nucleus 

 

In the previous chapter it was shown that Filamin A is found in the nucleus of the 

MC3T3 and SaOS-2 cell lines. To further study the subnuclear localisation of Filamin 

A, immunofluorescence analysis was performed using a different antibodiy raised 

against a different Filamin A epitope.  The EP2405Y antibody showed clear differential 

staining inside the nucleus (Fig. 4.0 A). These data suggested that nuclear Filamin A 

was compartmentalized within the nucleus. Subsequent staining of isolated nuclei 

clearly demonstrated that Filamin A accumulates in discrete bodies within the nucleus.  

By using the anti-Filamin A antibody “EP2405Y”, Filamin A was detected in 5 to 8 

punctate accumulations distributed throughout the nucleus in SaOS-2 and MC3T3 cells 

(Fig. 4.0 B and C lower panels). This observation was consistent by using the anti-

Filamin A antibody “ab5127” (Fig. 4.0 B and C upper panels). The circled shaped 

accumulations seen in each nucleus resembled the size and nuclear distribution of the 

nucleolus. 
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Fig. 4.0 Nuclear Filamin A is located in a punctate pattern in osteoblastic cell lines. 

(A) SaOS-2 and MC3T3 were immunostained with an anti-Filamin A antibody White 

arrows show punctate distribution of Filamin A. (B,C) Nuclei isolated from SaOS-2 and 

MC3T3 cells were stained for Filamin A with two different anti-Filamin A antibodies 

(as indicated) to show staining similar to  nucleolar compartment staining. DNA is 

stained in blue (Dapi). Bars, 10 μm. 
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4.3 The Cytoskeletal protein Filamin A is found in the nucleolus 

 

In this work Filamin A has been shown to be express in the nucleus of osteoblastic cells 

with a distribution similar to that of nucleoli. To determine whether the discrete nuclear 

bodies containing Filamin A are indeed nucleoli, cells were co-stained for Filamin A 

and fibrillarin, a well established nucleolar marker (Chen & Huang, 2001). Although 

small amounts of fibrillarin are found in the cytoplasm it is almost entirely restricted to 

the dense fibrillar component of the nucleolus (Boisvert et al, 2007; Chen & Huang, 

2001; Tollervey & Hurt, 1990).  

Co-immunofluorescence staining for Filamin A and fibrillarin in SaOS-2 and HeLa 

cells demonstrated that Filamin A is located in the nucleolus (Fig. 4.1 A). Nucleolar 

distribution was also detected in primary cultures of mouse bone marrow stromal cells 

(Fig. 4.1 B; upper panel shows an apical section against Filamin A staining as indicated 

by yellow arrowhead). An ecuatorial image of the nucleus in the same specimen showed 

positive staining in the nucleolar compartment (Fig. 4.1 B, white arrowhead).  To 

corroborate the previous observation, confocal microscopy was performed in isolated 

nuclei from SaOS-2 cells to show that Filamin A is associated with nucleolar structures 

(Fig. 4.1 C).  
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Fig. 4.1 Filamin A localises to the nucleolus.  (A) Indirect immunofluorescence 

analysis of endogenous Filamin A (red)  in  SaOS-2 (upper panels) and HeLa cells 

(lower panels) and in  murine bone marrow stromal cells (B), as shown co-stained with 

the nucleolar marker fibrillarin (green). Nuclei (blue) were stained with DAPI. (C) 

Confocal microscopy in SaOS -2 demonstrates that Filamin A (red) is colocalised to the 

nucleolus in close proximity with the nucleolar marker fibrillarin (green). Bars, 10 μm. 
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To confirm the nucleolar localisation of Filamin A, protein components from SaOS-2 

were separated into nuclear and nucleolar fractions and subjected to 

immunofluorescence and western blot analysis. Fluorescence microscopy against 

fibrillarin (green) in highly purified nucleoli (Ahmad et al, 2009) showed intact isolated 

nucleoli (Fig. 4.2 A). It can be observed that nucleoli were not degraded or distorted 

during the isolation method. In agreement with previous observations from intact 

isolated nuclei, Filamin A (red) was located in the nucleolus (Fig. 4.2 A). 

In addition, immunoblot analysis of the subcellular fractions confirmed that Filamin A 

was within the nucleolar fractions of SaOS-2 and HeLa cells (Fig. 4.2 B). The quality of 

the nucleolar fractionation was assessed by incubating the blots with antibodies against 

the cytoplasmic protein tubulin and the nucleolar protein fibrillarin (Fig. 4.2 B middle 

and lower panels, respectively). In SaOS-2 fractionations, tubulin was detected in the 

total and nucleolar fraction but not in the nuclear fraction. In HeLa cells, tubulin was 

detected only in the total fraction (lower panels).   
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Fig. 4.2 Purified nucleoli contain Filamin A. (A) Highly purified nucleoli from SaOS-

2 cells were stained with antibodies against the nucleolar marker fibrillarin (green) and 

Filamin A (red). Bars, 2 μm. (B) Western blot analysis of Total (T) Nuclear (N) and 

Nucleolar (No) fractions tested against Filamin, Fibrillarin and tubulin in SaOS-2 (left) 

and HeLa cells. Molecular mass is shown at left. Tubulin and fibrillarin were used to 

verify the purity of the cell extracts.  
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The human  melanoma cell line A7, but not M2, expresses Filamin A (Cunningham et 

al, 1992). Therefore, I decided to establish the subcellular localisation of Filamin A in 

A7 cells, using M2 cells as the negative control. I confirmed by immunofluorescence 

that Filamin A could be detected in A7 cells but not in M2 cells; where only a weak 

background signal was present (Fig. 4.3 A). Filamin A was detected by western blot in 

the total, nuclear and nucleolar fractionations in A7, but not in M2 cells (Fig. 4.3 B). 

Fibrillarin and tubulin were used to show the purity of the fractionations. Highly 

purified nucleoli from A7 and M2 cells was also subjected to double immunostaining 

for Filamin A (green) and fibrillarin (red) followed by confocal microscopy (Fig. 4.3 

C). In agreement with previous observations in other cell types (SaOS-2, HeLa and 

MC3T3) Filamin A was consistently located in the nucleolus of A7 cells but not in M2 

cells.  

Taken together the results shown in this chapter give strong evidence that 

suggests that Filamin A is not only cytoskeletal or nuclear, but also could be an active 

component of the nucleolus.  
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Fig. 4.3 Distribution of Filamin A in isolated nucleoli in A7 cells. (A) M2 and A7 

cells immunofluorescence staining against Filamin A. Nuclei (blue) were stained with 

DAPI. Bar, 20 μm. (B) Western blot analysis of Total (T) Nuclear (N) and Nucleolar 

(No) fractions tested against Filamin, fibrillarin and tubulin as indicated in M2 and A7 

cells. Molecular mass is presented on the left. (C) Confocal analysis of highly purified 

nucleoli from A7 and M2 cells stained with antibodies against the nucleolar marker 

fibrillarin (green) and Filamin A (red). Bar, 1 μm. 
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4.4 Mapping the location of Filamin A in the nucleolus  

 

Having established that Filamin A is a nucleolar protein I next sought to establish 

whether it localised to a particular sub-nucleloar compartment. In the nucleolus of 

interphase cells, three morphologically different nucleolar components have been 

described: the fibrillar centre (FC), the dense fibrillar component (DFC) and the 

granular component (GC) (Hernandez-Verdun & Louvet, 2004). Transcription of the 

rDNA is driven between the FC and DFC and most proteins concentrate in the GC 

region where ribosome subunit assembly is completed. Monoclonal antibodies against 

nucleolar proteins known to be differentially located in the three different nucleolar 

compartments (Sirri et al, 2008) were used to determine the sub-nucleolar localisation 

of Filamin A. The Upstream Binding Factor 1 (UBF-1) and RPA40 are both located in 

the FC, Nopp140 and fibrillarin are both located in the DFC, and Nucleophosmin 

(NPM) is located in the GC. Double staining against UBF-1 and Filamin A did not 

show evident colocalisation between those proteins. (Fig. 4.4 A). However, Filamin A 

showed partial colocalisation in the FC periphery where RPA40 is located (Fig. 4.4 B).   

Colocalisation with Filamin A was not detected when stained with fibrillarin or 

Nopp140 both located in the DFC (Fig. 4.4 C-D, respectively).  Staining against NPM 

and Filamin A showed evident colocalisation in the GC (Fig. 4.4 E). 

The sub-nucleolar fluorescence data gathered from this study are summarised in 

Fig. 4.5 which represents the nucleolar localisation of Filamin A. Filamin A is located 

primarily within the GC and, to a lesser extent, within the FC.  Filamin A was not 

observed in the DFC. 
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Fig. 4.4 Nucleolar localisation of Filamin A.  Confocal laser scanning microscopy of 

SaOS-2 cells labelled with antibodies against Filamin A and the nucleolar proteins 

UBF-1, RPA40, fibrillarin, Nopp140- and Nucleophosmin. Nuclei (blue) were stained 

with DAPI. Bars, 2 μm. 
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Fig. 4.5 A model representation of the localisation of Filamin A in the nucleolus. 

The model was made based on confocal analysis data by mapping the localisation of 

several nucleolar proteins and Filamin A. The Fibrillar centre (FC), the granular 

component (GC) and the dense fibrillar component (DFC) are represented for the 

proteins shown in the diagram. Each protein is represented in different colours as stated. 
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The nucleolus is the place where ribosomal DNA transcription is performed through the 

activity of RNA Polymerase I. Normally, nucleolar retention of regulatory factors 

depends on ongoing transcription of rDNA (Grummt, 2003).  To examine whether 

nucleolar localisation of Filamin A depends on ongoing rDNA transcription, I analysed 

its localisation in the presence or absence of low concentrations of actinomycin D 

(AMD), which specifically inhibits RNA Pol I transcription by intercalating to the GpC 

sites of ribosomal DNA (Hadjiolova et al, 1995; Perry & Kelley, 1970). AMD treatment 

results in the segregation of nucleolar components to the nucleoplasm and their 

accumulation in the nucleolar periphery (Puvion-Dutilleul et al, 1997; Scheer & 

Benavente, 1990). SaOS-2 cells were incubated with 50 ng/ml of AMD to completely 

block rDNA transcription and immunostaining was performed against nucleophosmin 

and Filamin A (Fig. 4.6). Immunofluorescence analysis of cells treated with AMD 

showed a segregation of the nucleolar protein nucleophosmin (NPM) throughout the 

nucleoplasm and the previously reported “cap shape” (white arrow) in the nucleolar 

periphery (Shav-Tal et al, 2005; Smetana et al, 2001) (Fig. 4.6 A lower panel, green) in 

comparison with cells treated with only vehicle which showed normal distribution of 

NPM (Fig. 4.6 A upper panel, green).  In cells treated with vehicle only, Filamin A was 

detected in the cytoskeleton, nucleus and nucleolus (Fig 4.6 A upper panel, red), 

whereas nucleolar localisation of Filamin A was completely lost in the presence of 

AMD (Fig 4.6 A lower panel, red). In control cells, 75% of cells presented the nucleolar 

Filamin A phenotype (FlnA-NOPhe), whereas cells treated with AMD showed a 100 % 

loss of FlnA-NoPhe (Fig. 4.6 B). These results show that the nucleolar retention of 

Filamin A is dependent on ongoing rDNA transcription. 
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Fig. 4.6 Nucleolar retention of Filamin A depends on ongoing rRNA synthesis. (A) 

Filamin A (red) and NPM (green) immunofluorescence to show that blocking RNA 

polymerase I activity with actinomycin D (50 ng/ml) abrogates the nucleolar Filamin A 

phenotype (FlnA-NoPhe), whereas cells treated with only vehicle showed no changes in 

FlnA-NoPhe. White arrow show the typical cap-shape in the nucleolar periphery 

induced by AMD . Bar, 10 μm. (B) Percentage of cells showing FlnA-NoPhe and cells 

with loss of FlnA-NoPhe was estimated in both control and AMD treated cells. Nuclei 

(blue) were stained with DAPI.  
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4.5 Filamin A affects ribosomal RNA (rRNA) expression  

 

The nucleolus is a subnuclear organelle formed around the ribosomal DNA (rDNA) 

repeats, which cluster at chromosomal loci called nucleolar organizing regions (NORs). 

In the nucleolus, the 28S, 18S and 5.8S ribosomal RNAs (rRNAs) are transcribed, 

processed and assembled into ribosomal subunits (McStay & Grummt, 2008; Moss et 

al, 2007). The ribosomal genes, except the 5S gene, are transcribed only by RNA 

polymerase I (Pol I), which is regulated by a set of nucleolar proteins (Sirri et al, 2008).  

Since Filamin A was found to be localised to the nucleolar compartment with the Pol I 

subunit RPA40 I sought to determine whether Filamin A affected rRNA expression. 

cDNAs from Filamin A-negative (M2) and Filamin A-positive (A7) cells was subjected 

to RT-qPCR using primers designed to amplify Filamin A, 28S and pre-RNA human 

ribosomal genes (Fig. 4.7).   Ribosomal 28S expression markedly increased 3 fold in 

M2 cells in comparison with A7 cells. Also, more than 2 fold increase of pre-RNA 

levels was observed in the Filamin A-negative cell line M2 in comparison with the 

Filamin A-positive cell line A7.  Thus rRNA expression was significantly increased in 

the absence of Filamin A.   
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Fig. 4.7 Ribosomal gene expression in Filamin A negative versus Filamin A-

positive cells. A7and M2 cells were grown at 80% confluence, harvested and RNA 

extracted for RT-qPCR purposes. Relative expression of the 28S and pre-RNA and 

Filamin A mRNA was determined by using the 2
-ΔΔct

 method. GAPDH was used as a 

reference housekeeping gene. Data are presented as mean ± standard deviation (S.D.) (n 

= 3). Statistical evaluation of significant differences was performed using the Student's 

t-test. Asterisk (*) indicates P < 0.05 when compared to control A7 cells. 

 

 

 

 

* 
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4.6 Nucleolar Runx2 and Filamin A coexist in the nucleolus. 

 

In this thesis, the interaction between Filamin A and Runx2 has been demonstrated. 

Runx2 is a transcription factor which regulates RNA polymerase II transcribed genes. 

However, Runx2 has also been found in the nucleolus to negatively regulate ribosomal 

gene expression driven by RNA polymerase I (Ali et al, 2010; Young et al, 2007). 

Filamin A and Runx2 interact and both proteins can be located in the nucleolus. 

Therefore, Filamin A might affect the regulation of rRNA expression via Runx2. First, 

the localisation of Filamin A and Runx2 in the nucleolus by confocal microscopy was 

determined in SaOS-2 cells.  Runx2 staining showed the typical Runx2 distribution 

throughout the nucleus but also in the nucleolar compartment (Fig. 4.8 A, green panel). 

This result is in agreement with the findings of Young et al, 2007, where a small 

proportion of Runx2 was localised to the nucleolus. Filamin A staining is shown to be 

located in the nucleus and also abundantly expressed in the nucleolus (Fig. 4.8 A, red 

panel). When the two images (green and red) were merged a colocalisation signal was 

observed (Fig. 4.9 A, overlay panel, snapshot zoom). Colocalisation was later 

corroborated by performing an intensity correlation analysis (ICA) (Li et al, 2004).  

ICA is a statistical method which determines the synchrony of two proteins in a 

complex to show either total, random or anti colocalisation. By using ICA I 

demonstrated total colocalisation of Runx2 (yellow) with Filamin A (red) in both the 

nucleus and nucleolus (Fig. 4.8 A, lower panel, right). Nucleolar localisation of Runx2 

and Filamin A were also confirmed by western blot (Fig. 4.8 B). These data 

demonstrate that Filamin A and Runx2 interact within the nucleolus. 

 



120 

 

 

 

4.8 Filamin A and Runx2 colocalise in the nucleolar compartment. SaOS-2 cells 

were fixed and processed for immunostaing against Filamin A and Runx2. (A) 

Confocal analysis shows colocalisation of those proteins in the nucleolar compartment 

as analyzed by Intensity correlation analysis (Lin et al, 2006). Bar, 5 μm. (B) Western 

blot analysis of Total (T) Nuclear (N) and Nucleolar (No) fractions tested against 

Filamin A and Runx2 to show those proteins coexist in the nucleolus. 
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4.7 Runx2 and Filamin A synergistically repress ribosomal DNA expression. 

 

Given that both Filamin A and Runx2 repress rRNA expression and that they interact 

within the nucleolus I next determined whether Filamin A inhibits rRNA expression via 

Runx2. To do this, the activity of a mouse rDNA promoter was measured in Filamin A-

knockdown MC3T3 cells. The mouse wild-type rDNA promoter (rDNApWT) contains 

a proximal Runx site in its sequence (Budde & Grummt, 1999) (Fig. 4.9 A). rDNApMut 

was generated by mutating the Runx binding-site from TGAGGT to TGAACT. Filamin 

A expression was knocked down in MC3T3 as described in chapter 3. Four days post-

transfection cells were transfected again with either rDNApWT or rDNApMut. mRNA 

from cells was isolated, cDNA prepared and RT-qPCR was performed to amplify a 

specific sequence contained in the reporter gene. Co-transfection of Filamin A siRNA 

with rDNApWT resulted in 1.7 fold increase in the promoter activity compared to 

control siRNA transfections (Fig. 4.9 C, black bars). This result correlates with the 

increase in rRNA expression observed in Filamin A-negative M2 cells (Fig. 4.7).  

Importantly, when the Runx2-binding sites in the rDNApWT were mutated a significant 

increase of the activity of the promoter was observed in both Filamin A siRNA and 

control siRNA transfected cells (Fig. 4.9 C, white bars). These data demonstrate that 

knockdown of Filamin A results in an increase in the activity of the rDNA promoter, 

suggesting that Filamin A represses transcription from this promoter.  However, this 

regulation does not prove that Filamin A is regulating directly ribosomal gene 

transcription. In order to show that Filamin A had a direct effect on the regulation of 

rRNA, Filamin A was introduced in the Filamin A-negative M2 cell line (Fig. 4.9 D). 

M2 cells were transfected with either two versions of the full length Filamin A (GFP-
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FlnA and Myc-FlnA) or plasmid control. Later, the ribosomal DNA reporter plasmid 

(rDNAp) was transfected. After 24 h the RNA was isolated, cDNA prepared and RT-

qPCR was performed. The primers used to detect the rDNAp expression were: ATT 

CAC TGG CCG TCG TTT TA (Fwd) and GGC CTC TTC GCT ATT ACG C (Rev). 

As expected, M2 cells transfected with a plasmid control showed high levels of rDNA 

reporter activity (Fig. 4.0 D). In contrast, the reintroduction of GFP-Filamin A or Myc-

Filamin A in M2 cells induced a drastic decrease on the activity of the rDNAp in 

comparison with M2 cells that received only the empty vector (Fig. 4.9 D).  These 

findings suggest that exogenous expression of Filamin A in the Filamin A-negative M2 

cell line suppresses the activity of the rDNAp.  It has previously been demonstrated that 

Filamin A is downregulated in differentiating MC3T3 cells (Chapter 3). As it has been 

suggested that Filamin A might suppress the activity of the ribosomal DNA promoter; I 

sought to determine whether rDNA promoter activity increases in these cells during 

differentiation. To do this, the activity of the rDNApWT was measured into non-

differentiating and differentiating MC3T3 cells. The downregulation of Filamin A in 

differentiated cells is shown (Fig 4.10 A) in comparison to control cells. At day eight 

after induction of differentiation, differentiated and control MC3T3 cells were 

transfected with rDNApWT and the promoter activity determined 48 h later (Fig. 4.10 

B). The activity of the promoter increased 3 fold in differentiating cells in which 

Filamin A is downregulated in comparison with undifferentiated cells. Thus a reduction 

in Filamin A expression, induced by siRNA or during differentiation, correlates with an 

increase in the activity of the rDNA promoter. These findings suggest that Filamin A 

suppresses the activity of the rDNA promoter.  
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Fig.4.9 Filamin A and Runx2 act as repressors of ribosomal DNA (rDNA) 

expression.  (A) Schematic representation of the rDNA wild type promoter reporter 

plasmid showing the Runx2 sites in green. The induced Runx2 site mutations in order to 

produce rDNApMut are shown in red. (B) Western blot from MC3T3 cells transfected 

with either control or Filamin A siRNA to show the downregulation of Filamin A. 

Tubulin was used as a loading control. (C) siRNA knockdown cells were transfected 

with either rDNApWT or rDNApMut as indicated and RT-qPCR based reporter assay 

was performed. Data are presented as mean ± standard deviation (S.D.) (n = 3). 

Statistical evaluation of significant differences was performed using the Student's t-test. 

Asterisk (*) indicates P < 0.05 when compared to control siRNA cells transfected with 

rDNApWT. (D) RT-qPCR analysis shows that the activity of the rDNAp is reduced 

after transfection of two different versions of Filamin A in the Filamin A-negative M2 

cell line. * indicates P < 0.05 when compared to control empty vector cells. 

* * 

* 
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Fig. 4.10 Differentiating MC3T3 cells display an increase of ribosomal expression. 

(A) Western blot from undifferentiated and differentiated MC3T3 cells to show the 

natural downregulation of Filamin A. Molecular mass is presented on the left and 

tubulin was used as a loading control. (B) Undifferentiated and differentiated MC3T3 

cells from day four were transfected with rDNApWT as indicated and RT-qPCR based 

reporter assay was performed. Data are presented as mean ± standard deviation (S.D.) 

(n = 3). Statistical evaluation of significant differences was performed using the 

Student's t-test. Asterisk (*) indicates P < 0.05 when compared to control cells 

(Undifferentiated/rDNApWT). 

* 
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Having demonstrated that Filamin A and Runx2 interact in the nucleolus and that 

Filamin A can suppress ribosomal gene expression it was next sought to determine if 

Filamin A was recruited to the promoter of the 18S and 28S ribosomal genes by ChIP 

assays in SaOS-2 cells. This experiment was performed by Dr WengSheng Deng, a 

current postdoc in our group. RNA polymerase I transcribe nuclear genes for ribosomal 

RNA, thus important for ribosomal biogenesis. The Pol I subunit, RPA40, is an 

essential subunit that is associated in early steps of RNA Pol I assembly, giving 

integrity to the complex (Song et al, 1994). Therefore, Filamin A and RPA40 antibodies 

were used to pull-down protein-DNA complexes and IgG was used as a control.   

Endogenous Filamin A and RPA40 were both present on the endogenous 18S and 28S 

promoters in SaOS-2 cells when compared to control IgG experiments (Fig. 4.11). 

Taken together the data presented in this chapter demonstrates that Filamin A interacts 

with Runx2 in the nucleolus to directly suppress ribosomal DNA expression. 
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Fig. 4.11 Chromatin immunoprecipitation (ChIP) analysis shows that Filamin A is 

associated to the rDNA promoter. ChIP assays showing Filamin A and RPA40 are 

associated to the rDNA promoter. ChIP assays were performed with antibodies 

indicated on the top of the graph. The data show RT-qPCR performed with 18S and 

28S. Experiment performed by Dr. WengSheng Deng. 
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4.9 Discussion 

 

The data presented in this study demonstrates for the first time that Filamin A is present 

in the nucleolus. Also it has been shown that Filamin A form a complex with Runx2 to 

negatively regulate the activity of ribosomal genes by binding to the rDNA promoter.  

4.9.1 Filamin A is found in the nucleolus. 

  

In this study, it has been shown by immunofluorescence and western blot analysis that a 

considerable amount of endogenous Filamin A localises to the nucleolus in osteoblastic 

cell lines as well as in primary mouse cells. Also, the nucleolar localisation of Filamin 

A in HeLa cells and in the stably Filamin A-positive (A7), in comparison with the 

Filamin A-negative (M2) melanoma cell line was confirmed. The high purification of 

nucleoli performed in this project is identical to the one used to elucidate the Nucleolar 

Proteome, conducted mainly by Professor Angus Lamond (Ahmad et al, 2009). By 

using high sensitivity mass spectrometry and stringent criteria, Lamond’s group has so 

far identified more than 50,000 peptides corresponding to over 4,500 human proteins 

from purified nucleoli (Ahmad et al, 2009).  Given the experimental evidence in this 

thesis which shows Filamin A in the nucleolus, I search if Filamin A could be a member 

of the list in the Nucleolar Proteome Database (NOPdb) published recently 

(www.lamondlab.com/NOPdb). Search for Filamin A in the NOPdb showed that 

Filamin A is listed as member of the nucleolar proteome list (Fig. 4.12).  A total of 103 

peptides were identified by mass spectrometry analysis. Alignment of those peptides 

covered in a wide extent of the full length sequence of Filamin A (not shown). In this 

thesis Filamin A has been identified, and corroborated with the data acquired from the 

nucleolar proteome database, as a new member to the list of nucleolar proteins. 

http://www.lamondlab.com/NOPdb
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Fig. 4.12 Filamin A is present in the Nucleolar Proteome Database.  A search in the 

nucleolar database internet (http://www.lamondlab.com/NOPdb3.0/) shows Filamin A 

is present in the purified nucleoli extract from HeLa cells as identified by mass 

spectrometry. The search displays the name, symbol, sequence, molecular weight, 

isoelectric point (pI) and number of peptides identified by mass spectrometry. 

http://www.lamondlab.com/NOPdb3.0/
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4.9.1.1 A candidate nucleolar localisation signal in Filamin A  

 

Nucleolar Localisation Signals (NoLSs) are often characterised by a consecutive set of 

basic amino acids (Emmott & Hiscox, 2009). Given the observations that indicate 

Filamin A can be located in the nucleolus, a search for NoLS in the Filamin A protein 

sequence was made.  Filamin A contains a conserved RRXR motif located in the 

position 2138 amino acid sequence (Fig. 4.13 A), which is close to the carboxy-terminal 

end. This motif has been also found in proven nucleolar associated proteins like Parp2, 

p14/19Arf, ING1b, Rpp29 or HIV Tat (Jarrous et al, 1999; Kubota et al, 1989; 

Lindstrom et al, 2000; Meder et al, 2005; Scott et al, 2001) (Fig. 4.13 B).  As a 

preliminary experiment I examined whether the carboxy terminal domain of Filamin A, 

which contains a candidate NoLS, is able to translocate into the nucleolus. A 100 kDa 

carboxy terminal fragment of Filamin A (Fig. 4.13, C) tagged with GFP (pEGFP-C2 

FlnA 16-24) was transfected into HeLa cells along with the control vector pEGFP-C2. 

and its intracellular localisation was analysed. Fig. 4.13, D shows that the carboxy 

terminus domain is efficient to retain Filamin A-GFP in the nucleolus in almost 50% of 

transfected cells after 72 h of transfection. This result correlated with nucleolar staining 

of endogenous Filamin A that could not be observed in all the cells. This observation 

could be due to a specific cellular activity. Also it would be important to determine the 

nucleolar localisation of a Filamin A-GFP stable cell line in long term cultures. In this 

regard it has been published that in long-term cultures of cells that stably express the 

wild type extended-C/EBPa isoform, the percentage of cells with nucleolar localisation 

of extended-C/EBPa continuously increases in a long term period (Muller et al, 2010). 
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The authors discussed that it may be a mechanism that stimulates nucleolar retention; 

this might also apply to Filamin A nucleolar retention.   

In terms of nucleolar retention, it has been reported that the RRXR motif is required for 

the interaction with the nucleolar protein NPM (Meder et al, 2005; Muller et al, 2010) 

which has been shown in this thesis to colocalise with Filamin A. This could mean that 

either Filamin A needs to be nucleolar to interact with nucleophosmin or that Filamin A 

is localised to the nucleolus through binding to nucleophosmin. Hence, these results 

suggest that the possible nucleolar localisation could be an important feature of Filamin 

A and the RRXR NoLS-motif contained in the carboxy terminus domain might be 

required for its nucleolar retention. To effectively deal with those possibilities more 

studies are required to determine the mechanism in which Filamin A can travel and 

resides, either temporarily or permanently in the nucleolus.  
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Fig. 4.13 Filamin A contains a nucleolar localisation signal (NoLS).  (A) A portion 

of the Filamin A sequences where the possible RRXR motif is found. (B) Alignment of 

the RRXR motifs within the domains mediating nucleolar localisation of proteins with 

known nucleolar localisation. (C) Schematic representation of Filamin A fragments 

transfected into HeLa cells. Top and bottom schemes represent full length and 100 kDa 

Filamin A (D) Immunofluorescence of cells transfected with 100 kDa Filamin A as 

indicated. Nuclei (blue) were stained with DAPI. Bars, 10 μm. 
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4.9.2 Nucleolar Filamin A and Runx2 regulate ribosomal DNA expression 

 

The nucleolus is the site of ribosome biogenesis. A wide amount of reports have shown 

that the nucleolus has other functions such as regulations of cell-cycle and cellular 

stress response (Carmo-Fonseca et al, 2000; Olson et al, 2000; Pederson, 1998). Filamin 

A accumulates in the nucleolus, indicating that it may have a nucleolar function. The 

internal structure of the nucleolus has been described in detail by microscopy and three 

well defined compartments have been identified: the fibrillar centres (FCs), which are 

surrounded by dense fibrillar components (DFCs), and the FC-DFC complexes are 

surrounded by the granular component (GC) (Junera et al, 1995; Vandelaer et al, 1996). 

Each compartment has been shown to specifically harbour a considerable amount of 

proteins. Some of them are ubiquitous residents of each subcompartment which 

suggested that each compartment can perform different functions. However, some 

proteins can accumulate in one or two of these subcompartments at the same time 

(Schwarzacher & Mosgoeller, 2000). In one effort to determine the subnucleolar 

localisation of Filamin A, a set of different antibodies were used to co-label the 

nucleolus with Filamin A. In this study it is suggested that in interphase cells Filamin A 

is located in the granular compartment and in the fibrillar centre, as colocalisation with 

nucleophosmin and the Pol I subunit RPA40 could be detected. These compartments are 

well known to be involved in the regulation of ribosomal DNA transcription.  

In this work it has been shown that the rDNA promoter can be synergistically regulated 

by Filamin A and Runx2 by studying the activity of the rDNA promoter which had its 

Runx2 site mutated.  Since Filamin A and Runx2 have been shown to interact, it is 

suggested that this interaction might happen as well in the nucleolus. It has been 
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reported that Runx2 associates directly with ribosomal DNA during interphase and 

mitosis and interacts with SL1 complex and the upstream binding factor (UBF) that is 

required for the pre-ribosomal RNA transcription (Young et al, 2007). Therefore, the 

results obtained in this work corroborate the important function of Runx2 in regulating 

the rDNA expression but also have shown that Filamin A and Runx2 complex could 

impact the activity of the ribosomal genes.  It is well documented that actin, another 

cytoskeletal protein which Filamin A binds to, can impact as well the rRNA 

transcription (Castano et al, 2010; Obrdlik et al, 2007; Skarp & Vartiainen, 2010; Visa 

& Percipalle, 2010).  Therefore, it is possible that cytoskeletal proteins can regulate 

rDNA transcription driven by RNA polymerase I. In this regard, Filamin A is involved 

in this process since nucleolar retention of Filamin A depends on ongoing rDNA 

transcription, as actinomycin D experiments have suggested in this thesis. The initial 

findings presented in this thesis suggest that Filamin A could have a potential role in 

nucleolar RNA processing. Also, it has been shown that the absence of Filamin A 

favours rDNA transcription, suggesting that Filamin A is involved in the regulation of 

ribosomal DNA expression by RNA polymerase I. These findings are supported by 

ChIP assays experiments made in Paul Shore’s group by Dr. Wengsheng Deng which 

have revealed the association of Filamin A with rDNA promoter sequences.   
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4.9.3 A suggested mechanism of the regulation of ribosomal genes by Filamin A. 

 

Given that Filamin A and Runx2 has been shown in this work to be located in the 

nucleolus to regulate negatively the rRNA expression a model of Filamin A function is 

suggested (Fig. 4.14). In this model it is proposed that Filamin A and Runx2 are present 

but not bound to the rDNA promoter, therefore the ribosomal transcription is active. 

After one stimulus, such rDNA transcription is silenced as Runx2 and Filamin A are 

associated to the promoter. This can be the case for cells that are under the mitotic 

process. In this process the cell stops the production of ribosomal DNA and decrease 

the activity of translation of proteins by ribosomes. However, as not all the cells 

expressed Runx2, it could be thought that this repressional mechanism can be the same 

case for cells that also express both Runx1 and Runx3 proteins.  The mechanism of how 

Filamin A and Runx2 suppress the activity of ribosomal genes currently is not known; 

however it is clear that Filamin A could be an important player in maintaining the levels 

of rRNA transcription and therefore it could regulate the rate of protein synthesis, the 

cellular activity, cell proliferation and cell size.  
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Fig. 4.14 A model depicting control of rDNA transcription by Filamin A and 

Runx2. Filamin A and Runx2 are present in the nucleoli but not located in the promoter 

of the rDNA, so the rDNA is transcriptionaly active. In certain circumstances, Filamin 

A and Runx2 are associated to the promoter, thus inhibiting rDNA transcription. This 

mechanism could be the case when cells are preparing to entering mitosis.  
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5.0. Investigating new roles of the 

Filamin A by gene microarray approach 
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5.1 Introduction 

 

Genetic evidence links Filamin A as an essential protein for human development as 

Filamin A mutations have shown to produce bone malformation defects (Feng & 

Walsh, 2004). Moreover, reports have been published regarding the interaction between 

Filamin A and transcription factors (Popowicz, 2006) suggesting that Filamin 

A/transcription factor interaction might regulate gene expression.  With this regard, it 

has been shown that CBFβ, the co-activator of Runx proteins associates with Filamin A. 

In this case Filamin A retains CBFβ in the cytoplasm, thus preventing CBFβ from 

entering the nucleus to bind Runx1 (Yoshida, 2005). In the previous two chapters it was 

demonstrated that Filamin A/Runx2 complex is present in the nucleus and nucleolus 

where it suppresses expression of MMP-13 and rRNA genes. To determine whether 

Filamin A regulates the expression of additional genes a microarray analysis was 

performed in the presence and absence of Filamin A.   

Functional genomics involves the analysis of large amount of data derived from 

biological samples. One such type of large-scale experiment involves screening the 

expression levels of thousands of genes at the same time. This is called expression 

analysis or microarray.  A microarray (Affymetrix GeneChip®) is a glass slide on to 

which DNA molecules are attached in specific spots. A microarray may contain 

thousands of spots and each spot contains DNA oligonucleotides that correspond to a 

unique gene. Affymetrix GeneChip® may be used to compare expression of a set of 

genes from a cell maintained in a particular condition to a control cell. Briefly, mRNA 

is extracted from the cells and the samples are flourescently labelled and allowed to 

hybridize onto the array. Any cRNA sequence in the sample will hybridise to specific 
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spots on the glass slide containing its complementary sequence. Following the 

hybridisation step, the fluorescent signal for each spot is scanned and acquired to be 

interpreted as an up or downregulated gene (Hacia et al, 1998). Here, microarrays were 

used to detect differences in gene expression between the Filamin A-negative cell line 

(M2) and their clonal derivatives which express Filamin A (A7). Interestingly some of 

the changes in expression were in bone-related genes. Given that M2 and A7 cells are 

melanoma cell lines, it was decided to extend the microarray analysis to the osteoblastic 

SaOS-2 cell line, in which Filamin A was depleted using siRNA.  The results of this 

chapter demonstrate that there are significant differences in the gene expression induced 

by Filamin A ablation.  Moreover, a subset of the differentially expressed genes is 

known to be involved in bone biology. The role of Filamin A as an important regulator 

of bone gene expression is discussed. 

5.2 Microarray analysis in the Filamin A negative M2 cells 

 

Microarray expression profiling was used to identify differentially regulated genes in 

the absence of Filamin A. Given the importance of Filamin A in cell signalling and gene 

regulation between others, it was aimed to explore to which extent Filamin A could 

impact, either directly or not, gene expression. By doing this, further evidence to 

support the idea of Filamin A as a regulator of gene expression could be provided. 

The melanoma cell lines M2 and A7 are a convenient model to study Filamin A 

function. Therefore, the differences in gene expression between those cell lines were 

analysed. Briefly, M2 and A7 at 80% confluency were lysed and passed through a 

RNeasy column in order to purify the mRNA. The concentration of the RNA was 
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measured and the quality and control of the RNAs was assesed. Right after cDNA was 

prepared and labelled; the cRNA was loaded into the microarray (Affymetrix 

GeneChip® Human genome U133 array). This array provides a comprehensive 

coverage on the transcribed human genome and analyses the expression level of over 

47,000 transcripts, including 38,500 well-characterised human genes.  Expression 

transcripts were quantified in the Filamin A-negative M2 cell versus the control, the 

Filamin A-positive, A7 cell line. The microarray experiment was performed in 

triplicate. The upregulation of 1546 genes and the downregulation of 1404 genes in M2 

cells when compared to A7 cells was detected (Fig. 5.0 A).   

The list of differentially expressed genes was subsequently submitted to the Database 

for annotation, visualization and integrated discovery (DAVID). This is a database that 

provides gene clustering and functional data of a given list of genes (Huang da et al, 

2009).  DAVID was set to cluster groups of genes involved in bone-related biology. In 

M2 cells, a total of 71 bone related genes were differentially regulated; 35 were 

upregulated and 36 genes were downregulated (Fig. 5.0 B). Differentially regulated 

bone-related genes in M2 cells are shown as a heat map diagram (Fig. 5.1). Microarray 

maps are a special type of heat map used to highlight gene expression. Each row of the 

heat map represents a gene, and each column represents an independent biological 

sample (in this case, triplicates). In this study, the genes shown in the microarray heat 

map are important for promoting and maintaining bone homeostasis and mineralization 

(Fig. 5.1). These data suggest that Filamin A expression affects the expression of a 

number of bone-related genes in melanoma cells.  
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Fig. 5.0 Filamin A dependent gene expression in M2 cells. (A) Microarray analysis 

was performed in the Filamin A-negative M2 cell line versus its control the Filamin A-

positive A7 cell line. The graph shows the total amount of upregulated or 

downregulated genes when Filamin A is absent. (B) Differential regulation of bone-

related genes in M2 cells. DAVID analysis was performed to cluster genes related to 

skeletal biology. The graph shows the total amount of upregulated or downregulated 

bone-related genes when Filamin A is absent. 
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Fig. 5.1 Heat map diagram showing the expression profiling of bone-related genes 

in M2 and A7 cells. Red indicates transcriptional activation and green represents 

repression. Black indicates fold change expression is not markedly altered.  Transcripts 

that are upregulated or downregulated are shown above or below the blue dotted line, 

respectively. The list is organised according to the highest fold change between the 

genes analysed (left black arrows).  
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5.3 Microarray analysis of Filamin A negative osteoblastic cells 

 

It has been established that Filamin A affects gene expression and a group of bone-

related genes in M2 versus A7. However, it is important to mention that these cells are 

melanoma cell lines and that they do not express Runx2. Nonetheles, the differential 

expression observed in those cell lines provides evidence on the regulation of gene 

expression by Filamin A. Therefore, the gene expression changes in SaOS-2 cells in the 

presence and absence of Filamin A using siRNA was analysed. As SaOS-2 cells are an 

osteoblastic cell line and in consequence express Runx2, changes in gene expression 

induced by Filamin A downregulation could provide a better understanding of how 

Filamin A affects bone formation.  In SaOS-2 cells, transfection with Filamin A-siRNA 

reduced the amount of Filamin A by 90% (Fig. 5.2 A). Microarray analysis of the 

mRNA from these cells revealed that a total of 979 genes were significantly upregulated 

and 936 genes were significantly downregulated (Fig. 5.2 B). DAVID annotation gene 

cluster analysis for genes related to bone biology was performed from the microarray 

analysis in the Filamin A-siRNA depleted SaOS-2 cell line versus wild type SaOS-2. 

The results show that in Filamin A-knockdown SaOS-2 cells, a total of 41 bone-related 

genes were differentially regulated; 23 genes were upregulated and 18 genes were 

downregulated (Fig. 5.2 C). Differentially regulated bone-related genes in Filamin A-

knockdown SaOS-2 cells are shown as a heat map diagram (Fig. 5.3).   

In summary, by microarray analysis, it was found that in the osteoblastic cell 

line SaOS-2 many genes related to bone biology are affected by depleting Filamin A. 

This data, along with the M2 microarray data demonstrates that Filamin A may have a 

role in the regulation of bone-gene expression.  
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Fig. 5.2 Filamin A dependent gene expression in SaOS-2 cells. Microarray analysis 

was performed in the Filamin A-knockdown osteosarcoma cell line SaOS-2 versus its 

control, SaOS-2 transfected with scrambled siRNA. (A) Expression of Filamin A was 

analyzed by Western blot in cell lysates from SaOS-2 cells transfected with siRNA 

targeting Filamin A and siRNA control; similar results were obtained in three 

independent experiments. (B) The graph shows the amount of upregulated or 

downregulated genes when Filamin was depleted. (C) Differential regulation of bone 

related genes in SaOS-2 cells. DAVID analysis was performed to cluster genes related 

to skeletal biology.  
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Fig. 5.3 Heat map diagram showing the expression profiling of the differentially 

regulated bone related transcripts when Filamin A is downregulated in SaOS-2 

cells. Red indicates transcriptional activation and green represents repression. Black 

indicates fold change expression is not markedly altered.  Transcripts that are 

upregulated or downregulated are shown above or below the blue dotted line, 

respectively. The list is organised according to the highest fold change between the 

genes analysed (left black arrows).  
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5.4 Comparison between M2 and SaOS-2 microarray data in terms of bone-related 

genes 

 

It has been suggested that bone related genes are affected by the absence of Filamin A 

in M2 and SaOS-2. Therefore, a Venn diagram was built aimed to identify which genes, 

derived from the microarray analysis, were common on both cell lines. As it can be seen 

in Fig. 5.4, from the 71 differentially regulated genes in M2 cells (red circle), 12 genes 

were overlapped (yellow zone) when compared to the 41 differentially expressed genes 

shown in SaOS-2 cells (green circle) (Fig. 5.4). The bone related genes that were 

common in both microarrays are: msh homeobox 2, ribosomal protein S6 kinase, 

trafficking protein particle complex 2, TGF- beta receptor II, BMP-4 collagen type V, 

alpha 2, fibrillin 1, tuftelin, glycoprotein NMB, jagged 2, distal-less homeobox 6, distal-

less homeobox 5. Also, a list of bone related representative genes that did not 

overlapped was made. In M2 cells the selected genes were: MMP-14, BMP-6, alkaline 

phosphatase, osteoclast stimulating factor 1, Conective Tissue Growth factor (CTGF), 

MMP-2, Osteocrin and Noggin. In SaOS-2 cells the selected genes were: parathyroid 

hormone-like hormone, BMP-2, Osterix, BMP-5, collagen, type 1, alpha 1 and inhibin 

alpha. The selected genes along with the ID gene, abbreviation and function are shown 

in table 5.0.  
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Fig. 5.4 Venn diagram showing overlap of genes differentially expressed in M2 and 

SaOS-2 cells, where Filamin A is absent or downregulated, respectively. The red 

and green circles represent the genes that changed in M2 cells and SaOS-2, 

respectively. The yellow zone represents the overlapped genes in both cell lines. The 

most representative genes involved in bone formation were selected, the genes in red 

fonts are the ones selected for RT-qPCR validation analysis. In front of each gene there 

is an arrow facing upwards or downwards, representing an up- or downregulated gene, 

respectively. In the overlapped genes, the blue arrows represent the changes seen in M2 

cells. Green arrows represent the changes seen for the same gene in SaOS-2 cells. 
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Accession 

Number Gene Abr. Function 

NM_000478 alkaline phosphatase, 

liver/bone/kidney ALP Play a role in skeletal mineralization 

NM_001718 bone morphogenetic protein 

6 BMP-6 

Induces cartilage and bone formation. Belongs to the TGF-beta 

family. 

NM_004995 matrix metallopeptidase 14 

MMP-14 

Involved in the breakdown of extracellular matrix in normal 

physiological processes, such as embryonic development, 
differentiation. 

NM_012383 osteoclast stimulating factor 

1 OSF 

Induces bone resorption,  by secretion of factor(s) enhancing 

osteoclast formation and activity 

NM_004530 matrix metallopeptidase 2 

MMP-2 

Involved in the breakdown of extracellular matrix in normal 

physiological processes, such as embryonic development, 

NM_005450 Noggin 

NOG 

Essential for cartilage morphogenesis and joint formation. 

Inhibitor of bone morphogenetic proteins (BMP) signalling 

NM_001202 bone morphogenetic protein 

4 BMP-4 Induces cartilage and bone formation. 

NM_000393 collagen, type V, alpha 2 
Col5a2 

Member of group I collagen, It is a minor connective tissue 
component 

NM_005222 distal-less homeobox 6 
Distbox6 

Expressed in brain and bones, and also in all skeletal structures 
of midgestation embryos after the first cartilage formation 

NM_0010248
47 

transforming growth factor, 
beta receptor II TGB-

beta 

This receptor/ligand complex phosphorylates proteins, which 
then enter the nucleus and regulate the transcription of a subset 

of genes related to cell proliferation 

NM_152860 Sp7 transcription factor, 

Osterix OSX Transcriptional activator essential for osteoblast differentiation.  

NM_001200 bone morphogenetic protein 
2 

BMP-2 

Induces cartilage and bone formation, online information: Bone 
morphogenetic protein 2 entry, similarity: Belongs to the TGF-

beta family. 

NM_021073 bone morphogenetic protein 

5 
BMP-5 

Induces cartilage and bone formation., online information: 

Bone morphogenetic protein 5 entry, similarity: Belongs to the 
TGF-beta family 

NM_005221 distal-less homeobox 5 

Dbox5 

In day 12.5 embryos, expressed in the brain and bones, and also 
in all skeletal structures of midgestation embryos after the first 

cartilage formation.  

NM_0010053

40 

glycoprotein 

(transmembrane) nmb GNMB 

Is expressed in osteoblast cultures at all stages of 

differentiation, it is also called Osteoactivin 

NM_002449 msh homeobox 2 

Msx2 

Regulates bone formation. Plays a central role in preventing 
ligaments and tendons from mineralizing, in part by 

suppressing Runx2/Osf2 transcriptional activity 

NM_198965 parathyroid hormone-like 

hormone PTHorm Regulates endochondral bone development 

NM_0010116

58 

trafficking protein particle 

complex 2;  
TPPC2 

Defects in TRAPPC2 are the cause of spondyloepiphyseal 

dysplasia tardia, a recessive disorder of endochondral bone 
formation. 

NM_020127 tuftelin 1 
Tuftelin 

Involved in the mineralization and structural organisation of 
enamel. 

NM_001901 Conective Tissue Growth 

Factor 
CTGF 

Major connective tissue mitoattractant secreted by vascular 

endothelial cells. Promotes proliferation and differentiation of 
chondrocytes. 

Table 5.0 Selected bone related genes derived from gene microarray analysis. All 

the information shown in the table, including the gene function was extracted from 

 www.genecards.org (Safran et al, 2010). 

http://www.genecards.org/
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5.5 Gene microarray validation by RT-qPCR. 

 

To validate the results obtained from the microarray, a total of 20 up or downregulated 

genes (see Table 5.1) were individually validated by specific RT-qPCR assays in M2 

and SaOS-2 cells (Fig. 5.5). Once RT-qPCR was performed, the data was analysed and 

cross-compared with the microarray data. If the RT-qPCRdata matched the same 

criteria seen by microarray analysis then that gene was considered as a successfully 

validated gene.  

By PCR analysis in M2 cells, the upregulated genes were: MMP-2, MMP-13, MMP-14, 

BMP-4, BMP-5, BMP-6, alkaline phosphatase, msh homeobox 2, collagen type V, 

distal-less homeobox 6, Noggin and Osterix. The downregulated genes were: Conective 

Tissue Growth factor (CTGF), TGF- beta receptor II and Filamin A. Conversely, 

osteoclast stimulating factor 1, trafficking protein particle complex 2, BMP-2, Distal 

less homeobox5, parathyroid hormone-like hormone, glycoprotein NMB and tuftelin 

showed no significant changes (Fig. 5.5 A). From M2 cell analysis, 8 genes were 

successfully validated by RT-qPCR: Alkaline phosphatase, BMP-6, MMP-14, Collagen 

type V alpha 2, distal-less homeobox 6, TGF-beta receptor II and msh homeobox 2 (see 

table 5.1, orange cells). 

In Filamin A-knockdown SaOS-2 cells, the upregulated genes in the RT-qPCR analysis 

were: MMP-2, MMP-13, MMP-14, BMP-5,  BMP-6, alkaline phosphatase,  msh 

homeobox 2,  collagen  type V, distal-less homeobox 6, Noggin and Osterix, Conective 

Tissue Growth factor (CTGF), TGF- beta receptor II, osteoclast stimulating factor 1, 

trafficking protein particle complex 2, BMP-2, glycoprotein NMB and tuftelin.   

Parathyroid hormone-like hormone, BMP-4 and Distal less homeobox5 showed no 
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significant changes.  However, no downregulated genes, except from Filamin A, were 

present in the analysis (Fig. 5.5 B). In total, 8 genes were successfully validated by RT-

qPCR: Sp7 transcription factor or Osterix, BMP-2, BMP-5, distal-less homeobox 5, 

glycoprotein NMB and msh homeobox 2 (see table 5.2, orange cells).  

In summary, by gene microarray analysis and RT-qPCR, it can be suggested that 

the downregulation of Filamin A can influence a set of genes involved in skeletal 

formation and osteoblastic differentiation. Whether the changes in gene expression 

patterns are direct or indirect, it seems that Filamin A could play an important role in 

bone biology.  
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Fig. 5.5 RT-qPCR validation of genes derived from microarray analysis. 

Quantitative RT-qPCR validation of some genes shown to be differentially regulated by 

the microarray experiment in the Filamin A negative M2 and the Filamin A-positive A7 

cells (A), and in the Filamin A downregulated SaOS-2 cells and its control (B). GAPDH 

was used as a housekeeping gene control. 
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M2 Microarray 

  

Gene 
Abbreviatio

n Downr Upreg RT-qPCR PASS  

alkaline phosphatase, 
liver/bone/kidney ALP     UPREGULATED YES 

bone morphogenetic 
protein 6 BMP-6     UPREGULATED YES 

matrix metallopeptidase 
14 MMP-14     UPREGULATED YES 

osteoclast stimulating 
factor 1 OSF     NO CHANGES NO 

matrix metallopeptidase 2 MMP-2     UPREGULATED NO 

Noggin NOG     UPREGULATED NO 

bone morphogenetic 
protein 4 BMP-4     UPREGULATED NO 

collagen, type V, alpha 2 Col5a2     UPREGULATED YES 

distal-less homeobox 6 Distbox6     UPREGULATED YES 

transforming growth 
factor, beta receptor II TGB-beta     DOWNREGULATED YES 

Sp7 transcription factor, 
Osterix OSX     UPREGULATED ----- 

bone morphogenetic 
protein 2 BMP-2     NO CHANGES ----- 

bone morphogenetic 
protein 5 BMP-5     UPREGULATED ----- 

distal-less homeobox 5 Dbox5     NO CHANGES NO 

glycoprotein 
(transmembrane) nmb GNMB     NO CHANGES NO 

msh homeobox 2 MSHbox2     UPREGULATED YES 

parathyroid hormone-like 
hormone PTHorm     NO CHANGES ------ 

trafficking protein particle 
complex 2;  TPPC2     NO CHANGES NO 

tuftelin 1 Tuftelin     NO CHANGES NO 

Conective Tissue Growth 
Factor CTGF     DOWNREGULATED YES 

 

Table 5.1 PCR validation results for M2 cells. 
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SAOS-2 ARRAY  

  Gene Abbreviation Downr Upr PCR result PASS 

alkaline phosphatase, 
liver/bone/kidney ALP     UPREGULATED -------- 

bone morphogenetic 
protein 6 BMP-6     UPREGULATED -------- 

matrix metallopeptidase 14 MMP-14     UPREGULATED -------- 

osteoclast stimulating 
factor 1 OSF     UPREGULATED -------- 

matrix metallopeptidase 2 MMP-2     UPREGULATED -------- 

Noggin NOG     UPREGULATED -------- 

bone morphogenetic 
protein 4 BMP-4     NO CHANGES NO 

collagen, type V, alpha 2 Col5a2     UPREGULATED NO 

distal-less homeobox 6 Distbox6     NO CHANGES NO 

transforming growth factor, 
beta receptor II TGB-beta     UPREGULATED NO 

Sp7 transcription factor, 
Osterix OSX     UPREGULATED YES 

bone morphogenetic 
protein 2 BMP-2     UPREGULATED YES 

bone morphogenetic 
protein 5 BMP-5     UPREGULATED YES 

distal-less homeobox 5 Dbox5     UPREGULATED YES 

glycoprotein 
(transmembrane) nmb GNMB     UPREGULATED YES 

msh homeobox 2 MSHbox2     UPREGULATED YES 

parathyroid hormone-like 
hormone PTHorm     NO CHANGES NO 

trafficking protein particle 
complex 2;  TPPC2     UPREGULATED YES 

tuftelin 1 Tuftelin     UPREGULATED YES 

Conective Tissue Growth 
Factor CTGF     UPREGULATED -------- 

 

Table 5.2. PCR validation results for SaOS-2 cells. 
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5.6 Discussion 

 

Microarray experiments were designed in order to analyse changes in gene expression 

in two different cell types in which Filamin A was either depleted or not present. First, 

the Filamin A-negative M2 cell line versus its control, the Filamin A-positive A7 cell 

line was analysed. Secondly, the changes in gene expression in Filamin A knockdown 

SaOS-2 cells induced by Filamin A-specific siRNA versus its control was also studied. I 

demonstrated that there are significant differences in the gene expression profiles of 

Filamin A-negative and Filamin A-positive cells. Moreover, a subset of the 

differentially expressed genes was known to be involved in bone biology.  

5.6.1. Experimental design  

 

The design utilized in this work was to replicate the microarray experiment in triplicate 

in order to gather more confident information on each of the genes examined on the 

microarrays. In this case, replication involved biological replicates (samples prepared in 

separate but using the same conditions) but not technical replicates, which would prove 

especially useful in determining the variability of each gene. However, in this case of 

experiments, using technical replicates makes the study more expensive and it does not 

give too much extra information on the changes of expression.  

5.6.2 Analysis of the microarray data 

 

The development of methods for the analysis of microarray data is important to gather 

out the best information of the experiments. The methods for analyzing microarrays are 

diverse and in constant development and improvement (Allison et al, 2006; Wu, 2001). 

In this thesis, the data was organised as a ranked list according to the fold change. The 
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fold change was given by 1) comparing the mean of the triplicates between the Filamin 

A depleted and normal samples and 2) by the two statistical approaches to assess 

significance (p value, which indicates which genes are false-positive and the q value, 

which indicates how significantly the gene expression changes). This approach enabled 

the search for genes that, on average, performed consistently well across all the 

triplicates. This method still permitted the examination of the ranked genes from any of 

the individual lists. The microarray analysis provides a ranked list of the changes in 

gene expression based on statistical significance. With regard to the ranked list, it is 

difficult to determine where the cut-off is between the real and false positives. The 

amount of genes differentially expressed from the microarray analysis according to a 

cut off of from -1.25 to 1.25 fold change is presented in Fig. 5.0. However, is likely that 

there are other significantly expressed genes that are found outside this analysis. 

Different methods of gene expression analysis (RT-qPCR or Northern Blots) are 

performed in order to identify where the cut-off exists in the array data and to confirm 

the differential expression of each gene (Jayapal & Melendez, 2006; Provenzano & 

Mocellin, 2007). The information obtained from these other methods could then be of 

help to determine at which extent the analysis start to disagree with quantitative 

methods of gene expression analysis. However, given the amount of genes differentially 

expressed, this approach is time consumable and technically difficult as it would need a 

big amount of mRNA to perform all the validations. Because of that, the selection of 

bone related genes was performed first and then the pertinent validation by RT-qPCR 

was carried out.  
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5.6.3 Selection of known specific bone related genes 

 

Using the list of differentially expressed genes gathered from the microarray, a list of 

genes of interest was built based on known function and gene ontology by using 

DAVID database application. The genes associated with bone biology included a 

number of genes that have been previously shown to induce bone formation or 

calcification, skeletal development and osteoblastic differentiation. A group of genes 

which covered all the genes related to bone biology were represented in heat maps and 

are shown in Fig. 5.3 and 5.4.  To identify significant bone related genes, a comparative 

analysis of the microarray from the two different cell lines M2 and SaOS-2 was 

performed.  Some of those genes overlapped in both microarrays indicating 

reproducibility and consistency in the data (see Fig. 5.5). The purpose of performing a 

microarray in both cell lines was to gather more information about changes induced by 

Filamin A downregulation. However, it could be important to correlate the results with 

another osteoblastic cell line in order to look for changes in osteal cells only. 

Furthermore, it cannot be rule out the fact that the expression profiles on bone related 

genes between the samples are different since the fact that M2 cells is a melanoma cell 

line and SaOS-2 is an osteosarcoma cell line.  

5.6.4 The use of RT-qPCR to confirm differential expression 

 

The interpretation of a relevant microarray data is subject to the differential expression 

observed in the microarray, which in turn could be indicative of the actual changes in 

gene expression, and also is subject to whether the differentially expressed genes are 

indeed significant. In order to gain a better idea of how many genes where actually 

behaving in the same way as the microarray data reflected, RT-qPCR experiments were 
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performed. 20 statistically significant genes identified by the microarray analysis were 

examined using RT-qPCR to confirm their differential expression in M2 and SaOS-2 

cell lines, along with the controls. The initial PCR validations confirmed that 8 out of 

20 genes derived from the microarray analysis displayed differential expression 

between the Filamin A-negative M2 and the Filamin A-positive A7. These genes are: 

alkaline phosphatase, bone morphogenetic protein 6, matrix metallopeptidase 14, 

collagen, type V, alpha 2, distal-less homeobox 6, transforming growth factor, beta 

receptor II and Conective Tissue Growth Factor. Similarly, 8 out of 20 genes displayed 

the same differential expression between Filamin A knockdown SaOS-2 and its control. 

These genes are: Sp7 transcription factor/ Osterix, bone morphogenetic protein 2, bone 

morphogenetic protein 5, distal-less homeobox 5, glycoprotein (transmembrane) nmb, 

msh homeobox 2, trafficking protein particle complex 2 and tuftelin 1.   It is important 

to note that more than a half of the genes tested did not show any changes by RT-qPCR. 

In this regard one explanation is that those genes were located near to the limits of the 

cut off values derived from the fold change in the microarray data.   However, the genes 

with a relatively small change or no change in gene expression are worthy of further 

investigation in another context to examine whether Filamin A fluctuations can alter 

both mRNA or protein levels in the cell. Another explanation for the discrepancies 

between RT-qPCR experiments and microarray data could be the small variations 

between culture conditions, suggesting that some genes are regulated by subtle changes 

in growth conditions (for example a different batch of FBS) that occurred between 

experiments. 
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5.6.5 Role of Filamin A in regulating bone genes  

 

In this section it will be discussed the interplay between some important bone related 

genes that were derived from microarray and PCR validations.  The genes discussed 

below have shown to be absolutely important to promote bone formation. These genes 

are: Sp7 transcription factor (Osterix), bone morphogenetic protein 2 and msh 

homeobox 2. Since Filamin A downregulation affected the genes mentioned above, it is 

important to discuss how this genes work together to promote bone formation. Osterix 

transcription factor or also called Sp7, a member of the Sp1 transcription factor family, 

has been show to play an essential role in bone formation by allowing the development 

of osteoblasts (Lian et al, 2006; Maruyama & Komori, 2007).  Although Osterix has 

been shown to be induced by Runx2 and BMP2, the regulation and function of Osterix 

during osteoblast differentiation, is not well understood. One of the functions of Osterix 

is the induction of alkaline phosphatase activity and osteocalcin expression to stimulate 

calcification (Matsubara et al, 2008). The homeobox gene Msx2, which is up-regulated 

by BMP2, is able to regulate osteoblastic differentiation by repressing Alkaline 

phosphatase promoter activity by antagonizing the stimulatory effect of DLX5 (Cho et 

al, 2009).  

In this thesis, it has been shown by microarray analysis that Filamin A is able to 

regulate the genes mentioned above. At the moment it can be proposed that the 

upregulation of these genes might be due to the increase of BMP-2 pathway activity 

which in part can be enhanced by the Smad proteins.  Bone morphogenetic proteins 

(BMPs) are a family of proteins that induce bone and cartilage formation in vivo. They 

play pivotal roles during early embryonic development and tissue morphogenesis 
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(Katagiri et al, 1994; Matsubara et al, 2008; Phimphilai et al, 2006). Furthermore, a set 

of Smad proteins, involved in the BMP signalling pathway, have been reported to 

interact with Filamin A by yeast two-hybrid screening (Sasaki et al, 2001). In that study 

it has also been shown that TGF-β signalling was defective in the Filamin A-negative 

human melanoma cells M2 compared with a Filamin A-transfected melanoma sub line 

A7. Therefore the changes in gene expression seen in this work can be due to the 

downregulation of Filamin A which in turn could induce the Smad proteins to go to the 

nucleus and activate gene expression. Another option is that Filamin A could 

transcriptionaly regulate any of the genes previously mentioned.  More studies have to 

be performed in order to gain a better idea of the role of Filamin A in the regulation of 

bone formation and osteoblastic differentiation. The elucidation of changes in gene 

expression by the downregulation of Filamin A is an important step trough 

understanding the role of Filamin A in bone formation since mutations of Filamin A in 

humans reflects bone malformation syndromes. 
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6.1 Role of Filamin A and Runx2 in bone formation. 

 

The project conducted in this work shows that Filamin A, an actin binding protein 

which has been mostly associated to the cytoskeltal structure can influence the activity 

of the well known osteogenic transcription factor Runx2. This idea arose from two lines 

of evidence. The first line of evidence suggests that mutations in Filamin A somehow 

alter the physiology of bone formation which can cause congenital skeletal 

malformations as otopalatodigital syndrome (OPD), frontometaphyseal dysplasia 

(FMD) and Melnick–Needles syndrome (MNS) (Foley et al, 2010; Robertson et al, 

2003).  Over the years Filamin A mutations have been mapped and reported as patient 

case reports (Marino-Enriquez et al, 2007; Robertson et al, 2003; Sun et al, 2010; Wu, 

2001). Interestingly, there is a considerable amount of reported mutations which are 

located in different areas of the gene and they are spanned in different portions of 

Filamin A. This can indicate that not only one segment of Filamin A is involved in 

maintaining bone homeostasis. Furthermore two mouse models of Filamin A deficiency 

have been reported in the past years (Feng et al, 2006; Hart et al, 2006). Their 

phenotypes include mild skeletal abnormalities in female heterozygous mice, and 

skeletal and palate defects in homozygous male mice, between others. Whether these 

skeletal disorders seen in both human and mouse organism are caused by structural 

perturbations of Filamin A, by alterations of interactions with other proteins and 

signalling pathways, or by directly influencing the transcriptional activity involved in 

bone biology  has remained poorly understood and is worthy of investigation. The 

second line of evidence shows that Filamin A is able to complex with the Runx family 

heterodimerisation partner CBFβ (Yoshida, 2005). The authors showed that Filamin A 
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directly interacts and retains CBFβ in the cytoplasm which in turn affects its complex 

with the transcription factor Runx1. They showed that when Filamin A was not present 

in the system, cytoplasmic CBFβ can translocate into the nucleus (Yoshida, 2005). 

Previous studies in our group have found the interaction between Filamin A and CBFβ 

by two yeast hybrid system, GST pulldowns and transfection studies.  Furthermore, it 

has been determined, mainly by GST-pulldowns, that not only CFBβ can interact 

directly with Filamin A but also the transcription factor Runx2 (Yeng Yang Tang, 

unpublished result). Taken together the two lines of evidence discussed above, it was 

determined to perform further studies which aimed to explore the possible interaction 

between Filamin A and Runx2 and its biological role in osteal cells.  

6.2 Filamin A interaction with Runx2 is likely to happen in the nucleus. 

 

In this study, it has been shown for the first time that endogenous Filamin A and Runx2 

proteins can indeed interact in osteal cells.  Since these two proteins have profound 

effects in skeletal formation the subcellular localisation of both proteins was studied. 

Chapter three shows that Filamin A, as well as Runx2 are both co-localised to the 

nucleus.  It is important to mention that full length Filamin A was detected in the 

nuclear fraction. There is some controversy about whether full length or a cleaved 

portion of Filamin A is able to enter to the nucleus (Bedolla et al, 2009; Berry et al, 

2005; Wang et al, 2007). To date, there is no a definitive mechanism that might explain 

the nuclear import of Filamin A. Reports have suggested that a fragment of Filamin A 

can associate with proteins that bear a nuclear localisation signal, which in turn can 

carry over Filamin A to the nucleus (Loy et al, 2003). This might be the case for Runx2, 

a nuclear transcription factor known to shuttle between the nucleus and cytoplasm. 
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Therefore, it may be a possibility that Runx2 or Runx2/ CFBβ could be associated with 

Filamin A prior to be transported to the nucleus. Another possibility is that Filamin A 

could enter to the nucleus without any interaction with nuclear proteins. One important 

fact is that, due to the size of full length Filamin A (280 kDa) it is unlikely (but not 

impossible) that it can enter through the nuclear pore complex.  The nuclear pore 

complex allows the entering to small molecules, metabolites and ions, but acts as a 

highly efficient molecular filter for macromolecules; this being its main function 

(Wente & Rout, 2010). Furthermore, one study has revealed that the nuclear pore allows 

the passive diffusion of proteins with size of 90 to 110 kDa (Wang & Brattain, 2007). 

The authors, however, do not exclude the possibility that the nuclear pore may allow the 

diffusion of proteins that are even larger than 110 kDa.  Taken this into account the 

nuclear localisation of cleaved Filamin A fragments (100-110 kDa) might be explained 

by nuclear pore passive translocation but it cannot be explain for the full length Filamin 

A which is almost a third bigger than the proposed protein limit size.  

It is well known that during prophase the nuclear envelope dissembled allowing the 

condensed chromosomes to attach to the cytoplasmic microtubules (Larijani & Poccia, 

2009). Therefore, it might hypothesized that during mitosis Filamin A associates to the 

chromosomal structures and thus Filamin A remains attached to them until the 

completion of mitosis (telophase), where two new nuclei are formed. Thus, it may be 

possible that nuclear full length Filamin A is the result of this protein to be localised and 

retained into the subsequent nuclear reorganisation. Further experimental approaches 

need to be conducted in order to gain a better knowledge of how full length Filamin A 

is able to locate in the nuclear compartment. 
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6.3 Biological implications of Filamin A/Runx2 complex. 

 

In chapter 3, it has been demonstrated that Filamin A is recruited to the promoter of the 

bone matrix-degrading enzyme, matrix metalloproteinase-13 (MMP-13), and suppresses 

its Runx2-dependent expression. Also it is shown that during differentiation Filamin A 

is downregulated and MMP-13 is upregulated. This finding supports the idea that 

Filamin A is a negative regulator of MMP-13 and demonstrates that Filamin A directly 

regulates the function of the transcription factor Runx2. 

In agreement with the fact that Filamin A can influence gene expression, in this case, by 

direct complex with Runx2, it has been confirmed that Filamin A also interacts with 

different transcription factors: Androgen Receptor, Smads, FOXC1 and P73α (Berry et 

al, 2005; Kim et al, 2007; Loy et al, 2003; Sasaki et al, 2001).  In this section it will be 

discussed briefly the mechanism by which Filamin A can influence the activity of these 

transcription factors to impact gene expression: Full length Filamin A can be cleaved in 

vivo by calpains to produce a 180 kDa N-terminal fragment and a 100 kDa C-terminal 

fragment. The C-terminal 100 kDa fragment localises to the nucleus to inhibit the 

activity of the transcription factors FOXC1 (Berry et al, 2005) and the Androgen 

Receptor (Loy et al, 2003). The C-terminal repeats 16-24, which is around 100 kDa was 

found to repress the androgen receptor transactivation by competing with the co-

activator TIF2 (transcriptional intermediary factor 2) (Loy et al, 2003).  Also, FOXC1 

interacts with filamin A (Berry et al, 2005). In A7 melanoma cells, FOXC1 is unable to 

activate transcription. This inhibition is mediated through an interaction between 

FOXC1 and the homeodomain protein PBX1a. In addition, efficient nuclear and 

subnuclear localisation of PBX1 is mediated by Filamin A. The inhibitory activity of 
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Filamin A on FOXC1 may contribute to the pathogenesis of Filamin A-linked skeletal 

disorders (Berry et al, 2005).  

A set of Smad proteins, involved in the Transforming Growth Factor-β (TGF-β) 

signalling pathway, have been reported to interact with Filamin A by yeast two-hybrid 

screening. It has been shown that TGF-β signalling  was defective in the Filamin A-

negative human melanoma cells M2 compared with a Filamin A-transfected subline A7. 

M2 cells restored TGF- β responsiveness following transient transfection of full-length 

Filamin A encoding vector (Sasaki et al, 2001).  

It has been suggested that that the transcription factor p73α is sequestered in the 

cytoplasm by Filamin A in vivo, thereby inhibiting its transcriptional activity (Kim et al, 

2007). p73α has been shown to be  remained in the cytoplasm in A7 cells, but localised 

in the nucleus of filamin A-negative M2 cells. Kim and collegues also reported that 

Filamin A specifically interacts with the p73α C-terminus and its deletion resulted in 

nuclear localisation (Kim et al, 2007).  

Results gathered in this thesis acknowledge the capability of Filamin A to localise to the 

nucleus and to interact directly with the transcription factor Runx2. The ability of 

Filamin A to bind and repress the MMP-13 promoter via Runx2 provides the first 

evidence that connects directly Filamin A as an important regulator of gene epression.  

The downregulation of Filamin A might be an important step to allow the activation of 

Runx2 target genes to continue the differentiation program. Therefore, any changes on 

Filamin A levels, Filamin A malfunction, or gain of function, could provoke defects in 

the transcriptional regulation during differentiation.  In this regard, a proteomics 

analysis in human immortalized pre-osteoblasts, which are able to differentiate and 
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mineralize into mature osteoblast showed that downregulation of Filamin A is detected 

at day 19 in mineralizing osteoblast versus the pre-mineralization osteoblastic period 

(Alves et al, 2010), which suggests that Filamin A levels have to be reduced to favour, 

in this case, differentiation. This finding correlates with the results showed in this thesis 

in which Filamin A is downregulated during the differentiation process. In this work, 

MMP-13 gene is shown to be regulated by Filamin A via Runx2 by associating to its 

promoter. Nevertheless, it will be important to explore closely more Runx2-target 

genes, under different experimental conditions, in which Filamin A may possibly 

regulate its gene transcriptional activity.  Finally, the association with transcription 

factors with this versatile protein is particularly interesting as it suggests that Filamin A 

plays a pivotal role in linking changes in the cytoskeleton to the regulation of gene 

expression.  

6.4 Actin-binding proteins in the nucleus 

 

Actin is an abundant cytoskeletal protein which participates in many important cellular 

processes including muscle contraction, cell division and cytokinesis, cell signalling, 

and maintenance of cell shape by the cytoskeletal component (Holmes et al, 1990; 

Khaitlina, 2001; Oda & Maeda, 2010). Actin has been found in the nucleus and it has 

been shown to have important roles in chromatin remodelling, transcriptional 

regulation, RNA processing, and nuclear export (de Lanerolle et al, 2005; Philimonenko 

et al, 2004). Actin also regulates RNA polymerases I, II, and III (Kukalev et al, 2005; 

Philimonenko et al, 2004; Ye et al, 2008).   Nonetheless, there is controversy about 

nuclear actin localisation, for example, there is absence of nuclear actin labeling by 

using phalloidin, which strongly and specifically binds to actin. However, a pre-

http://en.wikipedia.org/wiki/Actin#Actomyosin_filaments
http://en.wikipedia.org/wiki/Cytokinesis
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treatment of nuclear preparations with two different endonucleases to remove a 

substantial amount of chromosomal DNA uncovered the presence of nuclear actin for 

both antibody and phalloidin detection (Sauman & Berry, 1994).  A number of actin-

binding and actin-related proteins have been identified in the nucleus where they have 

been shown to participate in transcriptional regulation, splicing, chromatin remodelling 

and DNA repair (Gettemans et al, 2005; Olave et al, 2002).  However, it is largely 

unknown if these proteins can function on their own or by association with actin, in part 

because the nuclear localisation of actin has been controversial and there is not a total 

agreement of whether fibrillar or monomeric actin is located in the nucleus.  As the 

actin binding protein, Filamin A, has been found in the nuclear compartment, there is 

the question if this protein can interact with nuclear actin in order to perform gene 

regulation. Whether or not actin is important for Filamin nuclear function remains to be 

unknown. More studies have to be carried out in order to answer this question. 

6.5 The nucleolar localisation of Filamin A 

 

In this project, a careful look into the localisation of Filamin A in the nucleus has 

revealed that Filamin A can also be aggregated in the nucleolus, an important nuclear 

architecture domain. Chapter 4 of this thesis presented compelling evidence that shows 

that Filamin A is located in the nucleolar compartment in different cell types and in 

primary cultured cells. Antibodies against nucleolar proteins were used in order to 

delineate the localisation of Filamin A in this compartment, suggesting that Filamin A is 

located in the granular component and the fibrillar centre of the nucleolus. Also, a 

nucleolar localisation signal has been detected in the carboxy terminal of Filamin, 

which could support its nucleolar retention.  
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The nucleolar localisation of Filamin A reported in this thesis is supported by two 

different research groups. Nucleolar localisation of Filamin A has been reported in the 

nucleolar proteome database (Angus Lamond et al, personal communication). 

Furthermore, it has been shown that the immunogold labeling of Filamin A in ultrathin 

sections of HeLa cells is intense and appears as a dense mesh throughout the whole 

nucleus, including nucleoli. The authors reported that Filamin A is apparently present in 

all three nucleolar components (Dingova et al, 2009).   Further experiments need to 

confirm that the possible nucleolar localisation signal in Filamin A is indeed a nucleolar 

localisation signal. This could be achieved by mutation of the nucleolar localisation 

signal located in Filamin A.  By doing this, it can be speculated that without the 

nucleolar localisation signal, Filamin A might reduce its nucleolar localisation and 

therefore its rRNA regulation activity.   

6.6 Biological significance of nucleolar Filamin A 

 

In this work it has been shown that the rDNA promoter can be regulated by Filamin A 

and Runx2 by studying the activity of the rDNA promoter which had its Runx2 site 

mutated.  Also, it has been shown that the absence of Filamin A favours rRNA 

transcription, suggesting that Filamin A is involved in the regulation of ribosomal DNA 

expression by RNA polymerase I. To our knowledge this is the first report in which 

Filamin A is implicated in the regulation of ribosomal DNA expression. Ribosomal 

DNA (rDNA) codes for ribosomal RNA (Hozak et al, 1994). The nucleolus is the 

factory in which rRNAs are synthesized, processed and assembled with ribosomal 

proteins to form the subunits of the ribosomes (Sirri et al, 2008).  The transcription of 

ribosomal genes is driven by the RNA polymerase I machinery (Carmo-Fonseca et al, 
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2000; Russell & Zomerdijk, 2006).  In this context, nucleolar Filamin A is suggested to 

play an important role in regulating the expression of ribosomal genes, in part because it 

has been shown in this thesis that Filamin A is located in the fibrillar centre and in the 

granular component. Importantly, Filamin A is segregated from the nucleolus when the 

drug actinomycin D is used to inhibit specifically rRNA synthesis by RNA polymerase 

I. Finally the results found by Dr. WengSheng Deng in our group, in which Filamin A is 

located at the promoter regions of rDNA add another strong evidence to conceive 

Filamin A as an important regulator of gene expression. In conclusion, the biological 

importance of nucleolar Filamin A, its distribution during the cell cycle, the regulation 

of rDNA genes and the mechanisms by which Filamin A can complex to the promoter 

regions to repress ribosomal gene expression have to be addressed in more detail in 

further experimental designs.   

6.7 The microarray approach to determine gene expression patterns in absence of 

Filamin A 

 

With the development of microarray technology, now it has been able to obtain broad 

and accurate estimates of global gene expression levels. One of the aims in this project 

was to analyse the differential gene expression related to bone biology in the absence of 

Filamin A. These experiments therefore could provide initial clues into the molecular 

consequences of the absence of Filamin A in osteal cells. The data gathered in chapter 5 

has shown that Filamin A knockdown induced the downregulation of a considerable 

amount of genes in two different cell lines. The first cell line was a melanoma cell line 

(M2) that naturally does not express Filamin A and the second, is an osteosarcoma cell 

line denominated SaOS-2 which was subjected to a downregulation of its Filamin A 
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basal levels.  It is important to mention that M2 cells were used in order to obtain data 

related to bone differential gene expression, even when this cell is not derived from the 

osteogenic lineage. The reason of why this cell line was chosen to be analysed is 

because in this model Filamin A has not been present from the very moment the cell 

line was developed (Cunningham et al, 1992). It has been shown and broadly discussed 

that transient changes in a specific gene could not provide a real estimate of the changes 

in gene expression (Tan et al, 2003). This is because the cell has not completely 

“adapted” to its new biological activity. Nonetheless, transient alterations in gene 

expression have proven to be useful to detect significant and important changes (Wu, 

2001). Therefore, M2 analysis could be of interest in detecting changes that otherwise 

could not been appreciated in transient Filamin A knockdown SaOS-2 cells. One 

important challenge to be accomplished in this regard is the creation of an inducible 

Filamin A expression cell or a stable knockdown-Filamin A osteoblastic cell line. This 

would represent a unique model which could provide a better understanding about 

Filamin A biology related to bone regulation.   

The analysis of the microarray data from the two cell lines in this study has revealed 

that absence of Filamin A induced the upregulation and downregulation of genes that 

are profoundly involved in bone formation.  From those genes, 20 candidate genes 

involved in bone biology were selected and afterwards subjected to validation by RT-

qPCR.  The osteoblasts differentiation is basically orchestrated by the activation of bone 

related transcription factors (Alves et al, 2010; Bourne et al, 2004; Hong et al, 2010; 

Maruyama & Komori, 2007; Nakashima & de Crombrugghe, 2003). Runx2 and Osterix 

have been shown as master controllers of the osteoblastic lineage and the absence of 
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either one results in a complete lack of  bone mineralization (Maruyama & Komori, 

2007; Nakashima & de Crombrugghe, 2003; Prince et al, 2001; Schroeder et al, 2005). 

Also, other transcription factors have been shown to regulate osteoblast function, 

including homeobox proteins: MSX1, MSX2, DLX3, and DLX5, among others (Barnes 

et al, 2003; Matsubara et al, 2008; Shum & Nuckolls, 2002).  In this work it has been 

shown for the first time that important transcription factors and proteins  required for 

bone formation displayed differential gene expression when Filamin A is absent: This 

genes are: Sp7 transcription factor (Osterix), bone morphogenetic protein 2, Distal less 

homeobox 5 (DLX5) and  Msx2.  
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6.8 An integrated view of Filamin A roles during osteoblast differentiation 

 

The scheme, presented in Fig. 6.0, highlights the roles of some of the most important 

proteins found to be differentially regulated by Filamin A changes by microarray. These 

proteins have essential roles in regulating osteoblastic differentiation. In the following 

paragraph an integrated view of the possible roles of Filamin A during osteoblastic 

formation is presented, according to the results gathered in this thesis. Osteoblasts 

differentiate from their mesenchymal precursors in a complex process that is 

orchestrated by the timely activation of specific transcription factors that regulate the 

expression of other genes and thus determine the osteoblast specific characteristics 

(Barnes et al, 2003; Ducy & Karsenty, 1998; Franceschi & Xiao, 2003; Jensen et al, 

2010; Lian & Stein, 2003; Lian et al, 2006). Runx2 and OSX have been identified as 

master regulators of the osteoblastic lineage. MSX2 and DLX5 are members of the 

homeobox family and they are also important in the regulation of osteoblastic 

differentiation (Komori, 2006).  The downregulation of Filamin A has shown that these 

molecules are upregulated (Fig. 6.0). This evidence correlates with the downregulation 

of Filamin A seen in differentiating osteoblast, which would allow these transcription 

factors to be upregulated and thus fulfil the differentiation program. During osteoblastic 

differentiation process, signalling pathways are deeply involved in regulating gene 

expression, as is the case for the BMP-2 signalling pathway, which has shown to be 

influenced by cytoskeletal Filamin A and nuclear Filamin A translocation (Sasaki et al, 

2001). The interaction between Runx2 and Filamin A could be very important in 

regulating Runx2 related gene expression. In this thesis, it has been demonstrated that 

Filamin A regulates MMP-13 by complex in its promoter with Runx2.  Changes in 
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Filamin A levels that could impact either the cytoskeletal architecture or the subcellular 

localisation of Filamin A (i.e. nuclear or nucleolar) may be important in the regulation 

of osteoblastic process and skeletal development. In this regard, the regulation of 

ribosomal rRNA expression may play specific roles by regulating the protein synthesis 

required for differentiation or bone homeostasis. Further studies should be pointed to 

determine if Filamin A levels can fluctuate in specific stages, from stem cells to fully 

differentiated osteoblast. By doing this it could be explained in some extent the clinical 

manifestation of Filamin A bone related diseases.  

The results gathered in this thesis show novel findings in which Filamin A, a 

typical cytoskeletal protein, can also perform different functions on the cell such as 

genetic regulation by associating with the promoter of certain genes. Also, it seems that 

changes in Filamin A expression are important in order to trigger different cellular 

mechanisms to support osteoblastic differentiation. This thesis therefore uncovers new 

exciting functions of Filamin A that might not to be only important for bone biology but 

for general cell biology itself. 
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Fig. 6.0 An integrated scheme of Filamin A roles during osteoblast differentiation. 

(A) The possible roles of Filamin A during osteoblastic differentiation are also shown 

and they include the Filamin A/Runx2 complex, the subcellular Filamin A localisation 

and the changes in Filamin A basal levels. (B) Schematic representation of the genes 

involved in bone regulation gathered by microarray analysis except Runx2, which did 

not show differential changes in Filamin A downregulated cells. 
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